Isolation and characterization of the rod photoreceptor plasma membrane by Kamps, K.M.P.


ISOLATION AND CHARACTERIZATION OF THE 
ROD PHOTORECEPTOR PLASMA MEMBRANE 
Piorno to iati : 
Pn.u{¡.dfL F.J.M. Paemen 
?η.ο{,.άΛ S.L. Zotitíng 
Co-Re-itLiínt: 
Όκ W.J. cíe GKlp 
ISOLATION AND CHARACTERIZATION OF THE 
ROD PHOTORECEPTOR PLASMA MEMBRANE 
PROEFSCHRIFT 
ter verkrijging van de graad van doctor in de 
wiskunde en natuurwetenschappen 
aan de Katholieke Universiteit te Nijmegen 
op gezag van de Rector Magnificus 
Prof.dr J.H.G.I. Giesbers 
volgens besluit van het College van Dekanen 
in het openbaar te verdedigen 
op vrijdag 14 oktober 1983 
des namiddags te 2 uur precies 
door 
KAREL MARIE PAUL KAMPS 
geboren te Sittard 
Nijmegen, 1983 

aan mijn оиаглл 
оол. ШЫ 
Dit onderzoek werd verricht onder auspiciën van de Stichting 
voor Scheikundig Onderzoek in Nederland (SON) met financiële 
steun van de Nederlandse Organisatie voor Zuiver Wetenschap-
pelijk Onderzoek (ZWO). 
OMKWOOW 
Graag wil ik eenieder bedanken die aan het tot stand komen van dit proef-
schrift heeft bijgedragen. Met name wil ik op deze plaats noemen: 
PleX Janizn, ftvüwck аліп en Ре£ел Boon, die ieder op hun eigen wijze 
een bijdrage hebben geleverd aan dit onderzoek 
Viny van Gfwningzn-Luyb&n voor haar aandeel in de experimenten van Hoofd­
stuk IV 
CasiZa. Vuyi, die op uiterst zorgvuldige wijze de suikeranalyses heeft uit­
gevoerd 
Thom Kaype/u, Кгел іліелл en Han Ноодш, die in het kader van hun docto­
raalstudie aan het onderzoek hebben deelgenomen 
Bett Janóen voor zijn hulp bij labelingsexperimenten 
Pnoi. Eduxvid шіг, whom I gratefully thank for his stimulating contribu­
tion. Chapter VI is the result of a close collaboration 
Ham van KmoJUvoont, die de electronen-microscopische scan-opnames heeft 
verzorgd 
Vu J. QlLvz, qui je voudrais remercier pour son travail excellent de 
microscopie électronique 
еХел Havzfikamp en Сол dz Илаіп van de Afdeling Medische Fotografie dank 
ik voor hun inzet bij het vervaardigen van het fotomateriaal voor dit 
proefschrift. 
Tenslotte gaat mijn dank uit naar АпдІЩиг BAack&l voor de voortreffe­
lijke wijze, waarop zij dit proefschrift heeft verzorgd. 

СОЫТЕШ page 
CHAPTER I INTRÖPUCTIÖN 15 
1.1 The vertebrate photoreceptors 
1.2 Structure of the photoreceptor ce l l 
1.3 Architecture of photoreceptor outer segments 16 
1.3.1 Structure of the disk membrane 
1.3.2 Rhodopsin structure and i t s or ientat ion in the 
membrane 17 
1.3.3 Morphogenesis of the disks 18 
1.4 Visual exci tat ion mechanism 20 
1.4.1 Photolysis of rhodopsin 
1.4.2 Light-induced reaction chain in the vertebrate rod 
outer segments 21 
1.4.3 Analogy between hormone-sensitive adenylate cyclase 
and l ight -act ivated phosphodiesterase 24 
1.4.4 Interchange of components between l ight -act ivated 
photoreceptor phosphodiesterase and hormone-sens-
i t i v e adenylate cyclase 25 
1.5 Transduction models 26 
1.5.1 Essential features of the Ca2+ hypothesis 27 
1.5.2 Essential features of the cycl ic GMP hypothesis 28 
1.5.3 Inverse re lat ion between effects of СгР+
 a n d CGMP 
in rod cytosol 29 
1.5.4 The light-modulated Na"1" conductance of rod photo­
receptors 30 
1.6 Role of protein phosphorylation in membrane conduct­
ance 32 
1.6.1 Phosphorylation/dephosphorylation cycles in verte­
brate neurons 33 
1.6.2 Light-induced protein phosphorylation/dephcsphoryla-
t ion in rod photoreceptors 34 
1.7 Aim of th is invest igat ion 35 
CHAPTER I I INTRINSIC PROTEINS OF ROV OUTER SEGMENT FRACTIONS 37 
2.1 Introduction 
2.2 Methods and Materials 38 
2.2.1 Materials 
2.2.2 Isolat ion of rod outer segments 
2.2.3 Determination of rhodopsin content 39 
2.2.4 Determination of opsin content 
2.2.5 Isolat ion of axonemes 
2.2.6 Protein determination 40 
2.2.7 One-dimensional SDS-polyacrylamide gel e lectro­
phoresis 
2.2.8 Two-dimensional gel electrophoresis 41 
2.3 Results 42 
2.3.1 In t r i ns i c rod outer segment proteins 
2.3.1.1 Soluble proteins 
2.3.1.2 Per i fe ra l l y membrane-bound proteins 43 
2.3.2 In t r i ns i c membrane proteins of the bovine rod 
outer segment 46 
2.3.3 Iso lat ion and characterization of axonemes 
2.4 Discussion 50 
2.4.1 C i l ia ry and microf i lament- l ike structures 
2.4.2 Protein composition of c i l i a r y and filamentous 
structures 51 
2.4.3 Soluble proteins 52 
2.4.4 Membrane-bound proteins 
2.5 Summary 53 
CHAPTER III ISOLATION OF THE PLASMA MEMBRANE OF HOD OUTER SEGMENTS 55 
3.1 Introduction 
3.2 Materials and Methods 57 
3.2.1 Materials 
3.2.2 Isolation of bovine rod outer segments 
3.2.3 Preparation of the polyaminostyrene beads 
3.2.4 Concanavalin A coupling to the diazotized poly-
styrene beads 58 
3.2.5 Phosphate determination 59 
3.2.6 Enzyme assays 
3.3 Results 61 
3.3.1 Concanavalin A binding to the polystyrene beads 
3.3.2 Isolation strategy 
3.3.3 Optimal ization of the isolation procedure 62 
3.3.4 Finally adopted isolation procedure 64 
3.3.5 Characterization of the plasma and disk membrane 
fractions 65 
3.4 Discussion 69 
3.4.1 Isolation procedure 
3.5 Summary 70 
CHAPTER IV STRUCTURAL CHARACTERIZATION OF THE PLASMA MEMBRANE 71 
4.1 Introduction 
4.2 Methods 72 
4.2.1 Total cholesterol determination 
4.2.2 Free cholesterol determination 
4.2.3 Carbohydrate analysis 
4.2.4 Protein determination 73 
4.2.5 Amino acid analysis 
page 
4.2.6 Lipid extraction 73 
4.2.7 Fatty acid analysis 74 
4.2.8 Guanylate cyclase assay 
4.2.9 Removal of ciliary material 75 
4.3 Results 77 
4.3.1 Phospholipid and cholesterol content 
4.3.2 Fatty acid composition 78 
4.3.3 Carbohydrate composition 79 
4.3.4 Guanylate cyclase activity 80 
4.3.5 Protein composition of plasma membranes and disk 
membranes 
4.3.6 Removal of ciliary material 83 
4.4 Discussion 85 
4.4.1 Purity of the plasma membrane fraction 
4.4.2 Main differences between plasma membranes and disk 
membranes 87 
4.4.3 Chemical characteristics of the plasma membrane 88 
4.5 Summary 
CHAPTER V TOPOGRAPHS OF PHOSPHORYLATION REACTIONS IN BOVINE 
HOD OUTER SEGMENTS 91 
5.1 Introduction 
5.2 Materials and Methods 93 
5.2.1 Materials 
5.2.2 Preparation of rod outer segment membranes 
5.2.3 Extraction of soluble protein kinase ac t i v i t y 
5.2.4 Phosphorylation ¿n vlVw 94 
5.2.5 Polyacrylamide gel electrophoresis 95 
5.3 Results 96 
5.3.1 Recombined outer segment preparations 
5.3.2 Phosphorylation of cytosolic proteins in isolated, 
intact outer segments 101 
5.3.3 Phosphorylation of rhodopsin 106 
5.3.4 Phosphorylation of other membrane proteins 107 
5.4 Discussion 111 
5.4.1 General aspects 
5.4.2 Phosphorylation of rhodopsin in l i gh t and dark 112 
5.4.3 Cyclic nucleotide-dependent phosphatase ac t i v i t y 113 
5.4.4 Possible regulatory pathways 114 
5.5 Summary 115 
CHAPTER VI PHOSPHORYLATION OF ROO OUTER SEGMENT PROTEINS IN 
INTACT BOVINE RETINA 117 
6.1 Introduction 
6.2 Materials and Methods 118 
6.2.1 Phosphorylation procedure 
6.2.2 Analysis of the phosphorylation pattern 119 
6.2.3 Electrophysiological experiments 
6.3 Results 121 
6.3.1 Phosphorylation pattern in intact retina 
6.3.2 The 12 kD protein: localization and phosphorylation 
6.3.3 Phosphorylation pattern of rod outer segments 124 
6.3.4 Plasma membrane proteins in rod outer segments 127 
6.4 Discussion 128 
6.4.1 Characteristics of the 12 kD protein 
6.4.2 Light effects on phosphorylation 
6.4.3 Effects of IBMX and Ca2+ 129 
6.4.4 Comparison of intact retina and isolated outer 
segments 
6.4.5 Surmary 130 
CHAPTER V I I GENERAL DISCUSSION 133 
7 .1 Properties of the plasma metrtbrane 
7.2 Transduction mechanism 134 
7.3 Phosphorylation of rhodopsin 135 
7.4 Phosphorylation of outer segment membrane proteins 





CURRICULUM VITAE 167 
CHAPTER I 
тшистіоы 
1. ì. The. veAtzbntutz photofizczptou 
In nearly all vertebrate retinas two types of photoreceptor cells can 
be distinguished: the rod cells and the cone cells; the rods function in 
dim light (black and white vision) below the sensitivity threshold of the 
cone cells. The cones function in bright light and are responsible for 
color vision. This study deals with rod photoreceptors, which in most 
vertebrate species greatly outnumber the cones. Hence, the discussion 
is confined to the rod photoreceptor cell. 
1.2. ЗілисЛилг. o¿ the. photoizceptoi zeZl 
The rods can be divided into two morphologically different compart-
ments: the outer segment and the inner segment linked by a connecting 
cilium. The outer segment contains a stack of flat disks, which contain 
in their membrane the photosensitive visual segment rhodopsin, the pri-
mary light detector. The inner segment contains the usual cell organ-
elles, the nucleus, endoplasmatic reticulum, Golgi complex and numerous 
mitochondria. At its proximal end there is the synaptic terminus, which 
transmits information from the rod cell to the bipolar cell. 
The latter, in turn, is connected to the ganglion cell, through which 
the initial photoreceptor signal is conducted as a nervous stimulus to 
the brain. The connecting cilium is a remnant of a cilium and has a dia-
meter of about 0.3 m. The highly ordered structure is composed of a 
narrow stalk of nine concentric microtubular structures, without the 
central microtubules (de Robertis, 1956). These microtubules extend up to 
1.5 μπι deep into the rod outer segment and then disappear (Fleischman 
andDenisevich, 1979). From it develops the outer segment (Fig 1.1). 
The rod outer segment has a cilindrical structure. Schmidt (1938) 
noted by means of the polarization microscope a lamellar structure, per­
pendicular to the longitudinal axis of the rod. Under the electron mi­
croscope a stack of some 500 to 2000 flat closed membrane sacks, called 
'disks', can be discerned. The disks are separated from the extracellu­
lar space by the plasma membrane. Rod length and diameter vary between 
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4.4 x 1.8 ym (Hagins, 1973; Dowling and Werblin, 1969; Korenbrot e¿ al, 
1973). There i s , of course, also some variation in length with indivi-
duals. The lamellar disk structure is extremely regular, in fact almost 
crystallin as shown by freeze fracture electron microscopy as well as 
X-ray diffraction studies (Corless, 1972; Korenbrot, 1973). The disk-to-
disk repeat distance is about 295 Â (Yeager et α£, 1980; Chabre, 1981). 
Î.3. Atckctec-tuAe о (J photoA.e.czptû>i owtzn. ¿egmmti 
J.3.J. ілшійілг oh th& di&k т пЬыпг 
The disk membranes in the rod outer segment carry the visual pigment 
rhodopsin. Rhodopsin is a itane-membrane protein with approximately half 
of i ts mass embedded in the lipid bilayer, as shown by e.g. low angle X-
ray and neutron diffraction studies of these membranes (Schwartz tt ai, 
1975; Saibel eX αϊ, 1976; Osborn tt al, 1978; Dratz <U al, 1979; Yeager 
et al, 1980). It accounts for approximately 90% of the total membrane 
protein content of the photoreceptor disk membrane (Hall vt al, 1969; 
Daemen ei al, 1972; Papermaster and Dreyer, 1974). The only other disk 
membrane proteins are the reti nol dehydrogenase (Futtertnan e¿ al, 
1965, de Pont et al, 1970) and a 230 kD protein present at the rim and 
incisures of the photoreceptor disk membrane which represents 1-2% of 
the total membrane protein (Papermaster eX al, 1978). Recently, a con-
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spicuous filamentous structure linking the disk rim and outer segment 
plasma membrane has been detected in frog rod outer segments (Usukura 
and Yamada, 1981). These structures appear to form a network, surround-
ing the stack of disks, consisting of five 40 Â wide strands with vari-
ous types of particles. 
The concentration of rhodopsin in the rod outer segment is as high 
as 3.3 mM according to microspectrophotometric measurements. With a 
disk-to-disk repeat distance of 295 A one can easily calculate from 
these numbers a membrane area of 3400 A2 per rhodopsin molecule, assum-
ing that 95% of the integral membrane protein is rhodopsin. Miljanich 
it aJL (1979) have calculated that rhodopsin occupies at least 2Q% of 
this membrane area. 
The type of the lipids and the number of lipid molecules per rhodop-
sin molecule have been determined (Miljanich vt a¿1 1979; Drenthe e-í oí, 
1980,1981). There are about 65 phospholipid, 2 diglyceride, 4-5 free 
fatty acid and 5-8 cholesterol molecules per rhodopsin molecule in bov-
ine rod outer segments (de Grip iZ al, 1980; Drenthe еЛ al, 1981; 
Fliesler and Schoepfer Jr., 1982). Up to 55% of the fatty acid groups 
in the disk membrane are polyunsaturated with an average number of a-
bout 5.9 double bonds per phospholipid molecule. 
1.3.2. Rkodopi-in іішсіиЛе. and ¿tb 0-U.eniatton in thi mwbnane. 
Rhodopsin is found in both the plasma and the disk membrane. It is a 
single polypeptide chain of 348 amino acids with a total molecular 
weight of 39007 (Ovchinnikov zt al, 1982; Harqrave zt al, 1982). Its 
chromophoric group, ll-cÁi retinaldehyde is bound to lysine-296 (Wang 
ei al, 1980) vla a Schiff-base linkage. The retinaldehyde is located in 
the chromophoric centre of the apoprotein, which appears to be deeply 
buried in the bilayer (Thomas and Stryer, 1982; Ovchinnikov eX al, 1982). 
Two carbohydrate chains, each consisting of six to seven monosaccha-
ride units (Margrave and Fong, 1977), are bound to Asn2 and Asn15 in 
the ami no-termi nal region of the protein (Hargrave, 1977). The carbo-
hydrates of rhodopsin protrude into the extracellular space in the case 
of the plasma membrane and into the intradiscal space in the case of the 
disk membrane. 
Limited proteolysis of rhodopsin shows that its carboxyl terminus is 
located at the cytoplasmic surface of both disk and plasma membrane. The 
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carboxyl-terminal region is rich in hydrophilic amino acids and contains 
seven serine and threonine residues. These are phosphorylated by rhodop-
sin kinase following light exposure (Wilden and Kühn, 1982). Circular 
dichroismmeasurements indicate that rhodopsin contains as much as 60% o-
helical structure (Chabre, 1981). 
A model with seven helices has been proposed for bovine rhodopsin, 
primarily on the basis of data from chemical modification and limited 
proteolysis studies (Margrave, 1982; Ovchinnikov e-f al, 1982). These 
helices appear to be largely oriented perpendicularly to the plane of 
the membrane, as indicated by infrared dichroism and diamagnetic aniso-
tropy ( Ц Chabre, 1981). Dichroism studies have revealed that the chromo-
phoric groups in the disk membrane are oriented at an average angle of 
16 0C with respect to the plane of the disk membrane. 
/.3.3. MoiphogznuAA o^ thz dl&ki 
Electron microscopic observations of visual cells provided the init­
ial insight into disk morphogenesis. Sjöstrand (1953) observed that the 
disk membranes at the basal region of the vertebrate rod outer segment 
are in continuity with the plasma membrane of the photoreceptor cell, 
suggesting that they result from invagination of the membrane. These ob-
servations were confirmed by Moody and Robertson (1960) and Cohen (1961). 
The infolded appearance of the lower disk membranes both in adult as 
well as in developing outer segments led to the hypothesis thatdisk for-
mation occurs by a process of infolding of the plasma membrane in the 
basal part of the outer segment. The newly forming disks are perpendi-
cularly oriented with respect to the long axis of the cilium (Nilson, 
1964). 
The autoradiographic studies of Young (1967) and Young and Bok (1969) 
have shown that disks are continually generated at the base of the adult 
rod outer segments and are progressively displaced toward the the tip of 
the outer segment, which is then shed and phagocytosed by the overlying 
pigment epithelial cells. 
Both disk and plasma membrane appear to result from a process of out-
growth or evagination from the cilium (Anderson zt al, 1978). This was 
confirmed by the study of well-aligned longitudinal sections through the 
basal region of the outer segments in both rods and cones (Steinberg zt 
al, 1980) (see Fig 1.2). 
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F-tg /. 1 Ele.ctn.on micn.0QKaph o l 
aio ngltudincüL ¿ tetto η 
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The disk surfaces and disk rims are thought to develop by separate mech-
anisms and from separate regions of the membrane of the inner face of the 
cilium (Fig 1.2). The newly formed disk membrane originates froma growth 
point at the cilium site. The rim originates from the ciliary membrane 
between adjacent evaginations. Its growth around the perimeters of the 
evagination is assumed to be bilaterally symmetrical in rods and it will 
detach the newly formed disk from the surrounding membrane. 
The disk membranes of the outer segments undergo continuous renewal 
in adult life (Young, 1968 and 1976). This renewal cycle varies from ten 
days in a warm-blood animal like the rat to a month in a cold-blooded 
animal as the frog. The visual pigment rhodopsin and the other membrane 
proteins are synthesized in the myoid region of the inner segment (Hall 
et al, 1969). The rate of outer segment disk assembly is not uniform 
throughout the day (Besharse et al, 1977; Hollyfield et al, 1977). 
It appears to be enhanced during the early light phase of the diurnal 
cycle (Hollyfield zt at, 1982). This is due to an increased rate of as-
sembly of previously synthesized membrane precursors, and not to an in-
creased rate of biosynthesis of opsin. Disk shedding also shows a circa-
dian rhythm, but is reduced to a low level after constant light for sev-
eral days. Unidentified dark-dependent processes seem to be a prerequis-
ite for light evoked shedding (Besharse еЛ al, 1980). 
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1.4. VLbuciZ гхслЛяЛіоп me.uh.an¿im 
1.4Л. Photoiy&lb o(J KhodopoÁ.n 
The initial act in vision is the absorption of a photon by the retin-
aldehyde chromophore of a rhodopsin molecule causing its isomerization 
from the ll-cxó to the а11-.*лди4 isomer. This leads to a sequence of dark 
reactions in the rhodopsin molecule, which can be readily monitored by 
means of spectral changes accompanying them. Table 1.1 lists the known 
rhodopsin photolytic intermediates and their lifetimes at room temper­
ature. All intermediates have been discovered by means of low temperature 
Table U SEQUENCE OF PHOTOLVTIC JNTEWEVJATES OF VERTEBRATE RHOOOPSm 
Rhodopsin (498 nm, -268 0C) 
lO-^s hv 
Bathorhodopsin (548 nm, -268 0C) 
10-5s -140 0C 
Lumirhodopsin (497 nm, -50 0C) 
10-5s -40 0C 
Metarhodopsin I (478 nm, 3 0C) 
10-3s -15 0C,H+ 
Metarhodopsin II (380 nm, 3 ÜC) 
10-3s 
Metarhodopsin III (465 nm, 3 0C) 
N-retinylideneopsin (440, 365 nm) 
all-itomi-retinal + opsin 
The intermediates are characterized by their absorbance maximum (nm). 
The temperature above which the reactions can proceed, and the approxi-
mate rate of their conversions at room temperature (taken from Uhi and 
Abrahamson, 1981). 
studies and have later been identified as genuine intermediates of the 
rhodopsin photolytic cycle by flash photolysis at room temperature 
(Peters eX al, 1977; Bush et al, 1972). The first intermediate observed 
at room temperature shows an absorption peak at 430 nm (Kobayashi, 1980) 
and is, therefore, called hypsorhodopsin (Yoshizawa, 1972). Nevertheless, 
bathorhodopsin is produced more effectively than hypsorhodopsin (Tsuda 
et al, 1980). The presence of unsaturated lipids seems required for 
proper photolytic behaviour, but only one double bound per acyl chain 
may already be sufficient (O'Brien eX al, 1977). 
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No light-dependent conformational change in rhodopsin has been observed 
pr ior to the lumirhodopsin decay (Ebrey and Honig, 1975). The l i fe t ime 
of the photo-intermediate of rhodopsin obviously has to exceed the time 
required to establish i t s t r igger act ion: transduction of the l i g h t s ig -
nal s ta r t ing from the photo-activated rhodopsin intermediate, which re-
quires intermolecular interact ion with other membrane-associated com-
ponents. Thus, the f i r s t intermediate which meets the requirement is the 
lumi/metarhodopsin I t rans i t ion (Cone, 1972). I t is generally agreed that 
in the metarhodopsin I stage the chromophore has the a l l - t tou t i -conf igu-
ra t ion . The t rans i t ion of metarhodopsin I to metarhodopsin I I is the las t 
step in the reaction chain of rhodopsin photo-intermediates, which oc-
curs on a mil l isecond time scale. I t i s , therefore, su f f i c i en t l y rapid 
to be involved in t r igger ing visual transduction. 
1.4.2. Light-¿nduczd >ігас£іоп chain in thz vzhtzblcutz n.od outzA ¿гдтгпіл 
From our present knowledge the sequential scheme for the act ivat ion 
and reversal of act ivat ion of the rod photoreceptor cel ls can be con­
structed (Fig 1.3a): 
1. a photon is captured by rhodopsin (R*) t r igger ing the series of 
l ight-induced conformational changes of t h i s molecule 
2. an intermediate of the Meta I/Meta I I t r a n s i t i o n (Fukada e¿ at, 
1981; Emeis c t at, 1982) of a single rhodopsin molecule appears to be 
able to catalyze the exchange of GDP for GTP on about 500 guanyl-nucleo-
t ide binding protein (G-protein) molecules (Fung and Stryer, 1980) 
3. in the presence of R* the G-protein complex can bind GTP. The GTP-
binding s i te corresponds to the largest subunit of the G-protein (α-sub-
u n i t : 41 kD), whereas the 37+6 kD subunits exh ib i t GTPase a c t i v i t y . 
Binding of GTP releases R* from the G-protein. This R*-molecule is now 
free to interact with other G-proteins, u n t i l i t is inactivated 
4. the G-protein (with bound GTP) can i n t e r a c t with a GMP-dependent 
phosphodiesterase (PDE) which releases the i n h i b i t o r (In) bound to PDE 
(Bitensky e.t al, 1982). The activated complex of G-GTP and PDE can 
catalyze the hydrolysis of many cGMP molecules with a v m a x of more than 
105 cGMP molecules/R*/sec (Liebman and Pugh, 1980) 
5. The PDE can be inactivated by the GTPase a c t i v i t y of the G-protein 
complex (Stryer (U al, 1981). Upon hydrolysis of GTP to GDP the PDE-G-
protein complex dissociates. The released PDEremains active u n t i l i t 
- 2 1 -









Etg I.3a Proposed cyc l ic cascade in visual transduction: R, rhodopsin; 
G, GTP-binding protein complex; PDE. phosphodiesterase; I n , i n -
h i b i t o r ; », activated intermediate. The photo-excited R* activates a G-
binding protein at the cytoplasmatic side of the disk membranes. Disso-
c ia t ion of the GTP-binding protein is suggested to proceed PDE ac t iva t ion . 
-22-
Mechanism of adenylate cyclase activation 
[H-R*N-GDP3 i Φ (j+R-N-0TPr) 
с AMP*PP : ATP 
І 
metabolic responses 
Hg 1.3b Hormonal stimulation of the adenylate cyclase. The system 
considered as a cluster of three segments: R, receptor; N, 
nucleotide regulatory subunit; С, catalytic subunit. The activation 
the catalytic subunit is a membrane-associated process. 
binds the i n h i b i t o r . 
There is also some information about a possible shut-off mechanism-
a. Liebman and Pugh (1980) have observed that act ivat ion of the PDE by 
R* rapidly terminates in the presence of ATP. M i l l e r and Dratz have 
shown that the removal of phosphorylation sites from R* can react iv­
ate the phosphodiesterase 
b. the PDE, that has been activated as a resul t of i t s interact ion with 
the G-protein, can again interact with an i n h i b i t o r protein and cyc l­
ic GMP (Hurley and Stryer, 1982). This PDE is now inactive u n t i l i t 
encounters an activated G-protein. 
7.4.3. Analogy ЬеЛоееи honmonz-iini-itivz admytate cijatait and tight-ac.-
tlvatzd phoiphocLizateAaiz 
Adenylate cylase, the enzyme that produces cycl ic AMP, is part of a 
complex regulatory system that mediates the actions of a large number of 
hormones and neurotransmitters on t h e i r target cel ls (Greengard, 1976). 
Structured with in the l i p i d framework of the ce l l membrane, the enzyme 
system is composed of at least three classes of components (Fig 1.3b). 
Located at the extracel lu lar membrane surface is the receptor (R) com­
ponent containing a speci f ic s i t e for binding of hormones and neurotrans­
m i t t e r s . At the inner face of the membrane are the c a t a l y t i c uni t (C) 
and the nucleotide regulatory component (N). The l a t t e r contains s i te(s) 
for binding GTP and is responsible for mediating the effects of GTP and 
the various hormones on the a c t i v i t y of С 
Recent developments in d i f f e r e n t systems emphasize the remarkable u-
b i q u i t y of the G-unit in regulatory mechanisms. There are at least f ive 
examples where the binding of GTP to a G-unit serves to act ivate a phys­
io logica l process. In each case, hydrolysis of GTP terminates the a c t i v ­
at ion or promotes o s c i l l a t i o n of the act ivat ion cycle. These examples 
include hormone-sensitive adenylate cyclase (Rodbell, 1980; ai Fig 1.3b), 
l ight-act ivated PDE (Bitensky eX at, 1977; Ц Fig 1.3a), the i n i t i a t i o n 
step in mRNA translat ion (Weisbach, 1979), the elongation step in mRNA 
translat ion (Weisbach, 1979) and polymerization of tubul in (Jakobs, 1975). 
A series of s i m i l a r i t i e s between the hormone-sensitive adenylate cyclase 
and l ight-act ivated phosphodiesterase has been compiled by Bitensky ztal 
(1981). 
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1.4.4. InteAchangz o i componenti between LLgkt-actLvatzd photon.e.c&ptoA. 
phoophodluteAaie. and howone.-¿e.n¿¿t¿vz adznytatz cycJùuz 
Recently, the functional interact ion of photoreceptor components at 
each of three segments has been demonstrated (Fig 1.3b): 
1. i l luminated ( in contrast to dark adapted) rhodopsin could replace 
the hormone-receptor complex, causing GTP-dependent act ivat ion of the 
adenylate cyclase (Bitensky it αϊ, 1982) 
2. the ROS G-protein can stimulate guanine nucleotide-dependent ade­
nylate cyclase a c t i v i t y of synaptic membrane fract ions (Rasenick zt al, 
1981). Thus, the rod photoreceptor G-protein can interact productively 
with components of the adenylate cyclase system 
3. ADP-ribosylation, catalyzed by cholera t o x i n , results in i n h i b i ­
t ion of the GTP-ase a c t i v i t i e s of both the guanine nucleotide binding 
protein of the adenylate cyclase system and the GTP binding protein com­
plex of the rod photoreceptor (Abood ¿г al, 1982). These data suggest that 
both proteins share structura l domains recognized by the tox in 
4. a heat-stable photoreceptor nhosphodiesterase i n h i b i t o r reduces 
both basal and M 2 + -activated c a t a l y t i c a c t i v i t i e s of the adenylate 
cyclase and th is i n h i b i t i o n is reversed by the photoreceptor G-protein, 
compiexed with GMP-|NH|P. Furthermore, t rypsin can activate the target 
enzyme in both systems: PDE of rod photoreceptors (Hurley and Stryer, 
1982) or the c a t a l y t i c subunit of adenylate cyclase (Anderson zt al, 
1978). I t probably acts on the i n h i b i t o r . 
These data demonstrate a remarkable, functional compat ib i l i ty between 
GTP-binding subunits (N or G) and c a t a l y t i c moieties of both systems. 
Furthermore, they imply that specialized peptide domains responsible for 
protein-protein interact ions are highly conserved. 
Hence, the visual exci tat ion mechanism represents one example of an u-
biquitous pathway of signal transduction. I t is specialized f o r l i g h t -
absorption through the l ight-sens i t ive rhodopsin, which resembles in i t s 
action the hormone-sensitive adenylate cyclase system of sensory neurons. 
In view of i t s r e l a t i v e l y easy i s o l a t i o n , the photoreceptor membrane of­
fers a very suitable substrate for the invest igat ion of the molecular 
mechanism of th is signal-transduction system. 
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/.5. T>ia.nidueX<Lon modzlò 
When rhodopsin, present in the disk membrane absorbs a photon, it 
goes through a series of spectrally defined states (see Table 1.1). The 
last intermediate in the bleaching sequence that can be involved in vis-
ual excitation is metarhodopsin II, which isformedin 1 msec at room 
temperature (Cohen, 1967). The ultimate result of photon absorption is 
a decrease in the influx of Na+ in the dark across the rod outer segment 
plasma membrane (Hagins еЛ α£, 1979; Korenbrot, 1972). 
Hagins and Yoshikami proposed the basic internal transmitter hypo­
thesis (Yoshikami and Hagins, 1971; Hagins, 1972). In the dark-adapted 
retina they observed an extracellular current which flows along the 
length of the rod cell. Na + is the primary charge carrier of this so-
called dark current. It enters the cell through the plasma membrane of 
the outer segment and leaves the cell through the plasma membrane of the 
inner segment. Upon illumination the dark current is reduced due to a de­
creased Na + permeability in the outer segment plasma membrane. The ionic 
gradients and the electrical balance necessary for the current are thought 
to be maintained by a Na+/K+-pump and by a K + conductance channel, both 
of which are located in the rod inner segment (Yoshikami and Hagins, 
1973). 
Because the disk membrane of the rod outer segment is electrically 
(Riippel and Hagins, 1971) and osmotically (Korenbrot it al, 1973) sepa­
rated from the outer segment plasma membrane, an internal transmitter in 
the rod outer segment cytosol must be involved in coupling the bleaching 
of a rhodopsin molecule in the disk membrane to the decrease of the Na + 
permeability of the plasma membrane. This process requires an amplifica­
tion step with a gain varying between 10? and 10 7 (Kleinschmidt and Dow-
ling, 1975). A gain of 107 means that a single bleached rhodopsin effec­
tively can suppress the influx of maximally 107 Na + into the rod outer 
segment (Yoshikami and Hagins, 1973; Wormingthon and Cone, 1978). 
Yoshikami and Hagins (1971) provided evidence that Ca?+-ions may serve 
as the transmitter. Cyclic GMP has been proposed by Bitensky e.C al (1975, 
1978). Both changes in Ca¿+ (Gold and Korenbrot, 1980) and cyclic GMP 
(Woodruff and Bownds, 1979) have been reported to be sufficiently rapid 
to be involved in visual excitation. Thus, two mechanism have been pro-
posed in the passed decade, either with Ca,+ or with cyclic GMP as the 
internal transmitter, to modulate the light-sensitive conductance for 
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sodium in the plasma membrane. 
1.5.1. Eiozntial ¿ел&леЛ o{¡ thz Ca2+ hypothzAli 
The dark sodium current across the rod outer segment plasma membrane 
is reduced or abolished both by light and by high external Ca 2 + (10 mM) 
Extracellular Сл2+ as well as light would cause an increase in the cyto­
plasmic Ca 2 + level, which then would close the Na + channels responsible 
for the dark current (Yoshikami and Hagins, 1971). 
The primary features of this 'Calcium transmitter hypothesis' are: 
1. in the dark a low free Ca 2 + concentration of ca ΙΟ"6 M is maintained 
in the cytoplasmic space of the rod outer segment 
2. the Ca2+concentration inside the disk is maintained at a much higher 
level than that in the outer segment cytoplasmic space 
3. upon absorption of light by rhodopsin Ca 2 + is released from the disks 
and the cytoplasmic free Ca 2 + concentration is increased, causing the 
Na + channels to close 
4. Ca2+-extrusion across the plasma membrane and re-uptake across the 
disk membrane, would have to remove the released Ca 2 + from the cyto-
plasma, re-establishing the original conditions. 
The basic results for rod photoreceptors that support the 'Calcium trans­
mitter hypothesis' can be summarized as follows: 
1. reduction of the extracellular Ca 2 + concentration (Hagins and 
Yoshikami, 1973 and 1974; Lipton z¿ at, 1977) as well as the introduc-
tion of Ca2+ chelators in the rod outer segment (Brown it at, 1977; 
Hagins and Yoshikami, 1978) depolarizes the membrane and increases the 
extracellular current in the dark but not in the light 
2. increase in extracellular calcium as well as injection of Ca 2 + in-
to a living rod (Brown et a¿, 1977) hyperpol ari zes the membrane and de-
creases the dark current but not the extracellular current in bright light 
3. application of the calcium ionophore X-537A into the rods lowers 
the external Гса2+]| necessary for a givenlight-induced increment of 
the membrane potential and the dark current by at least a factor of ten 
(Hagins and Yoshikami, 1974; Bastian and Fain, 1979) 
4. injection of EGTA into dark-adapted rods under voltage clamp con­
ditions causes a Na+-sensitive inward current and reduces the membrane 
resistance (Oakley and Pinto, 1981). This observation is consistent with 
the idea that the Na+'conductance is regulated by Ca 2 +. 
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However, some unsolved questions argue against the Ca2+ hypothesis: 
1. there is no so l id evidence for a l ight- induced Ca2+ release from 
the rod disks, which is e f f i c i e n t l y large and fast to sat is fy the Ca2+ 
hypothesis. Thé active accumulation process required in the disks has 
also not yet been ve r i f i ed . Attempts to demonstrate the l ight-induced 
Ca2+ release include careful studies of rod ce l ls under near-physiologi-
cal conditions (Yoshikami and Hagins, 1979), studies of disks (Szutz and 
Cone, 1977), sonicated disk vesicles (Darzon ut at, 1977) and l i p i d ves-
ic les in which rhodopsin was incorporated (O'Brien e i aX, 1977) 
2. the source of the Ca2+ ions, which would appear in the rod cyto-
plasme in response to l i g h t exposure, has not been unequivocally iden t i -
f i e d . In most electrophysiological experiments the e f f lux is monitored 
ext racel lu lary without exact local izat ion of the in t race l lu la r Ca2+ pool 
(Gold and Korenbrot, 1980). The in terpretat ion of the results in a va r i -
ety of preparations: in tac t rod outer segments (Yoshikami and Hagins, 
1978), leaky outer segments (Kaupp et at, 1979), hypotonically shocked 
disks or ionicated disk vesicles (Szutz and Cone, 1977; Darzon e i at, 
1977; Szutz, 1980) has led to con f l i c t ing evidence about the local izat ion 
of Ca2"1" pools. 
1.5.2. ЕнгкШЛ іедіилел oí the. cycJtLc GMP hypoth&iti 
The major molecular events involved in the l i g h t induced hydrolysis 
of cGMP have been elucidated by Bitensky it at (1977, 1978) and Fung eX. 
at (1981). These processes are shown in Fig 1.3a. Upon photon absorption 
a photolyt ic intermediate of rhodopsin (most probably metarhodopsin I I ) 
af fects a GDP-binding protein subunit of the G-complex resul t ing in the 
subst i tu t ion of GDP for GTP. This GTP-protein complex activates a cGMP-
dependent phosphodiesterase (PDE), which most l i k e l y involves the forma-
t ion of a ternary complex of GTP-protein-PDE. Light causes a rapid de-
crease (half time ca 125 msec) of the cycl ic GMP content of isolated frog 
outer segments (Woodruff and Bownds, 1979; Polans eX. at, 1981). 
The observations that the rod outer segment phosphodiesterase is st im-
ulated by low l i gh t levels and the high a c t i v i t y of th is enzyme indicate 
that a signal amplication is taking place in the enzyme cascade: 
1. a single metarhodopsin I I molecule may act ivate up to 500 molecules 
of G-protein 
2. each PDE, when activated by the GTP-binding pro te in , hydrolyzes 200 
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cGMP molecules/sec/G-protein. 
It has been suggested that the Na+-conductance is modulated by cGMP 
through a reversible phosphorylation-dephosphorylation cycle of a pro­
tein of the Na+-channel (Polans et αϊ, 1979). 
In the phosphorylated state the channel would have to be open. This 
implies that cGMP would be the intracellular transmitter. Illumination 
activates the phosphodiesterase enzyme which lowers cGMP, the phosphor­
ylation state is reversed and the channels close. However, several ob­
servations have last doubt on the cGMP-hypothesis, indicating that there 
is no direct correlation between the light-activated PDE and cGMP hydro­
lysis. 
1. Elimination of bicarbonate/C02 from the effluate can be used to 
reduce the cGMP concentration of the vertebrate rod to a level normally 
attained by illumination (Meyertholen eí al, 1980). 
2. Measurements of the concentration of cGMP in the retina at various 
times after illumination question whether light-induced decrease in a 
cGMP is fast enough to mediate transduction (Kilbride, 1980). No detect-
able decrease in retinal cGMP was found until 1 sec, using intense illumi-
nation and 1.6 mM Ca 2 +, whereas the time was shortened to 300 ms when 
Ca2+ was reduced to a low-level with EGTA. 
3. Based on the effects of nonhydrolyzable analogs of cGMP, it has 
been argued that it is unlikely that cGMP hydrolysis controls trans-
duction (Waloga and Bitensky, 1980). 
/.5.3. Іп еАбг >υιίαΛλοη ЬгЛме.гп Щгсіі o{¡ Ca2+ and cGMP -in nod cytoiol 
Evidence from both electrophysiological and biochemical experiments 
suggests that Ca2+ and cyclic GMP act as interrelated second messengers 
in the rod photoreceptors. Lipton г£ al (1977a,1977b) have demonstrated 
that Ca:+ is not unique in mimicking the action of light (Hagins, 1972; 
Honig, 1978). cGMP appears to have very similar effects on the properties 
of the photoreceptor light response. Perturbations of the living retina 
which are thought to increase the levels of cGMP in the outer segment 
cause effects comparable to those which decrease Ca2+ levels and vice. 
ельа lowering the cytoplasmatic cGMP appears to match the effects of 
increased Ca 2 + levels (Flaming and Brown, 1979; Miller and Nicol, 1979; 
Waloga and Brown, 1979). 
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The essential difference between the cGMP and low Ca 2 + responses is ex­
plained by the long-lasting light activation of PDE that not only hydro-
lyzes the excess cGMP but also produces a delayed light response (Miller, 
1982). After injection of EGTA, which greatly reduces the free Ca2+-con-
centration, the light response does not occur. It cannot occur later, be­
cause the cGMP has already been hydrolyzed at very low Ca 2 + levels. 
Miller (1981) has concluded from these experiments that if both cGMP and 
calcium are intermediates in transduction, cGMP must control calcium. 
Upon lowering external Ca 2 + levels in dark-adapted retinas from 1.8 mM 
to 10-eM, a rapid rise in dark cGMP level is observed (Woodruff and Fain, 
1982). The same is true for injection of 3 mM EGTA in the dark-adapted 
mouse retina (Cohen, 1978). When extracellular calcium is lowered to 
10" М, the sensitivity of the light-dependent permeability to steady il­
lumination is decreased by three to four orders of magnitude, but the 
sensitivity of the light-dependent PDE-mediated decrease in cGMP is not 
significantly affected. In contrast to Miller (1982), Woodruff and Fain 
(1982) conclude from their experiments that Ca2'1' can effect the conduct­
ance in the absence of changes of the cGMP content in the rod outer seg­
ment cytosol, and that Ca2"1" controls cGMP levels in rod cytosol. 
The net effect is the same as observed by Miller (1982), namely en­
hanced cGMP levels induced by low Ca 2 + levels, produce a reduction in 
the sensitivity of the voltage response by shifting the operating range 
to higher intensity levels (Bastian and Fain, 1982). The interpretation 
of this electrophysiological effect of Ca 2 + on the photoresponse is com­
plicated by the fact that it is unclear whether Ca 2 + exerts its effect 
on the membrane conductance directly or whether it interferes with the 
metabolism of some unknown substrate. 
Ca 2 + and the cyclic nucleotide system are interrelated, as is shown 
by the regulation of two enzymes in the rod outer segment: 
1. at low Ca 2 + (IO-8- 10"9M) guanylate cyclase activity is raised 
(Lolley and Racz, 1981), increasing the cGMP concentration in the 
rods about 5-fold (Cohen &t al, 1978) 
2. activation of the cGMP-dependent phosphodiesterase by light is Ca 2 +-
sensitive (Robinson eX oui, 1980). 
1.5.4. The. Light-moduZatzd Ыа* conductance OjJ -tod photon.zczptou 
Although we use the word 'channel' to describe the Na + permeability 
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mechanism of the plasma membrane of rod photoreceptors, the physical na­
ture of the mechanism, whether it is a channel or a carrier, has not yet 
been established. In any case, the Na + ions do not seem to pass through 
the type of Na + channels operating in nerve axons, as indicated by the 
following observations: 
1. tetrodotoxin, which blocks Na + entry in the stimulated nerve, has 
little or no effect on the light response Df the rod (Fain zt a t , 
1980). Neither does ami lori de, which blocks Na + entry in the epithel­
ial cells. This may simply mean that the side at which these agents 
would act in the rod cell, is inaccessible from the external medium 
2. Li + does not support the light response when exchanged for Na+. This 
suggests an unusually high selectivity for Na + (Yau eX a t , 1981), 
such as does not exist in nerve cells 
3. osmotic experiments of Korenbrot and Cone (1972) seem to show a very 
high degree of rectification. They compared the rate at which Na + 
flowed into the rod outer segment during a hyperosmotic shock with 
the rate at which it flowed out during an equivalent iso-osmotic ex­
posure at low external Na+. The ratio of inward to outward flow was 
about a factor of 10 3. 
Photoreceptors are thought to have a low cytoplasmatic concentration of 
Ca^+ of 0.1-1.0 vm (Hagins and Yoshikami, 1977). The extracellular Ca 2 + 
concentration is about 2 mM, indicating a large concentration gradient 
across the plasma membrane. Its maintainance requires either an enor­
mous buffering capacity in the rod cytosol or a highly efficient means 
of pumping Ca 2 + out of the rod. In intact rod outer segments a cation-
exchange system has been reported that mediates Ca 2 +-Ca 2 + and Na +-Ca 2 + 
exchange and discriminates between Na + and Li + or K+ (Schnetkamp, 1979, 
1980). The Ca 2 + uptake or efflux by coupled Ca 2 +-Ca 2 + and Па+/Са2+ ex­
change is fast in darkness and occurs on a time scale of some seconds. 
In agreement with this, the rate of the light-induced Ca 2 + release 
from rods in a perfused retina is strongly dependent upon the presence 
of external Na + (Yoshikami еЛ alt 1980), and upon the external Na
+/Ca 2 + 
ratio (Gold and Korenbrot, 1980). 
Considering the properties of Ca 2 + transport systems in a variety of 
tissues {¿.г. erythrocytes, giant axon and toad bladder (Ferriera and 
Lew, 1978; DiPolo, 1978), two different modes of Ca2+-transport can be 
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distinguished: 
1. a Na+-sensitive, ATP-dependent exchange system that performs coup-
led transport, and 
2. a Na+-insensitive, ATP-dependent Ca2+-pump that shows an obligatory 
coupling between ATP-hydrolysis and Ca2+-transport. 
There have been recent speculation that an ATP-dependent uncoupled 
Ca2+-extrusion exists in rods (Fain and Lisman, 1981). 
This exchange system may be effected by ATP for regulatory purposes (e.g. 
phosphorylation), in addition to the well-established Na+-Ca2+-exchange 
system in rods. 
1.6. KoZz o{¡ pfLoteAn phoiphonyuitLon ¿n mmbtianz conductance. 
It has been proposed for some time that cyclic nucleotides and cyclic 
nucleotide-dependent protein phosphorylation play a role in synaptic 
transmission (Greengard, 1976). Recent studies in the marine snail Ap-
lysia (Klein and Kandel, 1978, 1980) and in the terrestrial snail Helix 
(Deterre eí al, 1981) indicate that electrophysiological changes in the 
neuronal membranes are mediated by cAMP-dependent protein phosphoryla-
tion. 
Kuo and Greengard (1969) suggest that all actions of cAMP in euka-
rocytes are mediated by protein phosphorylation. Klein and Kandel (1980) 
propose that serotonin-stimulated increase in the cAMP level in the 
terminals of sensory would activate a сАГІР-dependent protein kinase, 
which would then phosphorylate a novel type of K+ channel pro­
tein or associated regulatory protein. This phosphorylation inactivates 
the channel and thereby slows repolarization of the action potential 
(Stinnakre and Taue, 1973), which allows more Ca2"1" to flow into the 
terminals. 
Several investigators have examined the relationship between cAMP-
dependent protein phosphorylation and the closing of the K+ channel in 
snail sensory neurons. Injection of the purified catalytic subunit of 
bovine heart cAMP-dependent protein kinase into sensory nerve cell bod­
ies in isolated abdominal ganglia increase the influx of Ca 2 +, decreased 
the K+-current and increased the release of transmitter from the sensory 
cell (Castelluci et al, 1980). The enhanced incorporation of phosphate 
into several membrane proteins is also observed in clusters of sensory 
cells originating from the abdomal and pleural ganglia, upon a 5 minute 
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exposure to serotonin increasing cAMP-levels.(Paris e.t al, 1980). 
The role of endogenous protein phosphorylation ina cAMP-mediated neuron-
al response has been examined by Adams and Levi tan (1982) through i n -
ject ion of a speci f ic protein kinase i nh ib i t o r in to sensory neuron R15 
of Aplysia. The increase in K+-conductance, normally e l ic ted by sero-
tonin in th is c e l l , is blocked completely. 
These f inding suggest a possible connection between cAMP-dependent 
protein phosphorylation and conductance changes in the sensory membranes. 
However, as long as no speci f ic channel proteins are known, i t is not 
clear whether phosphorylation of regulatory protein(s) or phosphorylation 
of channel proteins are involved in the ext raord inar i ly large, i d e n t i f i -
able nerve ce l ls present in the sensi t izat ion of th is neuron. Combined 
pharmacological, biochemical and electrophysiological studies at the lev-
el of single iden t i f i ed neurons are feasible in the gastropod molluscs. 
However, the complexity of the mammalian nervous system has made i t d i f -
f i c u l t so far to sat is fy a l l c r i t e r i a necessary to prove such a re la t ion-
ship in mammalian nerves (Greengard, 1976). 
1.6.1. PhoòphofLyùition/diphoipliolyÙLtion cycZ&i in wdiehiautz пылопь 
The state of phosphorylation of the neuron-specific proteins I , I l i a 
and I l l b , which are enriched in p u r i f i e d preparations of synaptic ves­
icles (Bloom zt al, 1979; Huttner et at, 1981; Ueda e í al, 1979) was stud-
ied in the neurosecretory endings of the neurohypophysis ¿n vltKo (Tsou 
and Greengard, 1982). Br ief periods (a few seconds) of e lec t r i ca l stimu-
la t ion caused a large increase in phosphorylation of a l l three proteins. 
After terminating the st imulat ion, these proteins were dephosphorylat-
ed wi th in 1 min. High potassium, 8 bromo-cAMP, and dopamine also stimu-
lated the phosphorylation of the three proteins. These observations sug-
gest that they may be involved in the regulation of transmitter release 
from nerve terminals. 
The existence of such a specif ic biochemical cascade leads to several 
predict ions: 
a. a hormonal stimulus brings about the phosphorylation of a membrane 
protein by cAMP-dependent protein kinase 
b. th is protein is associated with a par t icu lar class of K+-channels, and 
с phosphorylation closes this K+-channel. 
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1.6.3. L¿gkt-¿nduc.zd ptioteÁn phuiphoKy-Íat¿on./dzphoiphu.>iy¿ÍVtíon ¿n lod 
photoKe.ce.ptou 
The enzymatic cascade in rod photoreceptors (Fig 1.3a) suggests a 
mechanism for the regulation of photoreceptor membranes conductance in-
volving phosphorylation/dephosphorylation cycle. A specific version of 
this cycle has been proposed by Bownds (1981). Sodium channels are con-
sidered to be kept in their open conformation in the dark by protein 
phosphorylation mediated by cGMP. Illumination activates a phosphodi-
esterase enzyme, which lowers cGMP levels, leading to protein dephos-
phorylation and closing of Na+-channels. 
Two small extrinsic membrane proteins reported to be present in frog 
outer segments (components I and II, with molecular weights of 13 kD and 
12 kD) are phosphorylated in the dark and dephosphorylated upon a light 
response (Polans eX al, 1979). However, the absence of the dephosphory-
lation reaction in isolated rod outer segments remains a puzzling aspect 
and no kinetic data of this reaction are available to test the possible 
role of these proteins in the closing of sodium channels. Hence, the as-
sumptions made in the previous paragraph need to be tested by studies on 
the localization of components I and II and the kinetics of their light-
induced dephosphorylation. Finally, it has to be proven that these low 
molecular weight proteins are part of the light-dependent permeability 
mechanism of the plasma membrane or else that they are involved in its 
control as regulatory components. 
1.7. Kim o¿ thAA ¿nvutigcution 
The plasma membrane of the rod photoreceptor outer segment plays an 
essential role in the hyperpolarization response of the photoexcited rod 
cell. As a key participant in visual transduction, the isolation and 
characterization of this membrane is indispensable for vision research. 
To date a specific procedure for the isolation of the rod outer segment 
plasma membrane has not been reported. Therefore, we set out to develop 
a new approach, making use of density modification for the isolation of 
the plasma membrane of bovine rod outer segments. 
For a proper analysis of such fractions a detailed study of the pro-
tein species present in total rod outer segments membranes was under-
taken and described in Chapter II. 
Chapter III describes the plasma membrane isolation procedure, which 
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is based on modif icat ion of the meirtbrane density by a f f i n i t y -b i nd i ng . A 
detai led analysis of the resul t ing plasma membrane f r ac t i on , and compar-
ison of the results with those for disk membranes with respect to pro-
t e i n , l i p i d , f a t t y acid composition and several marker proteins is des-
cribed in Chapter IV. 
In order to study the relevance of possible phosphorylation reactions 
in the plasma membrane for the visual exc i ta t ion mechanism, phosphoryla-
t ion reactions were investigated in the various membrane f ract ions with 
and without certa in additions (Chapter V). 
The in tac t ret ina has also been studied in order to establ ish l i g h t -
dependent phosphorylations or dephosphorylations of rhodopsin and other 
membrane proteins under electrophysiological ly defined conditions 




IMTKINSIC PROTEINS OF ROO OUTER SEGMENT FRACTIONS 
2 . 1 . IWTROWICTION 
In the previous chapter it has been pointed out that the rod outer seg-
ment is a highly specialized cell organellethat accomplishes the process 
of phototransduction by receiving a photon signal and converting it into 
an electric signal. 
The effect of the photon signal is communicated from the disk mem-
brane to the plasma membrane by a cascade of reactions, mainly occurring 
in the rod outer segment cytosol. A biochemical elucidation of the visu-
al excitation mechanism requires the identification of the components of 
the rod outer segment cytosol and the separation of the functionally 
different disk- and plasma membrane. 
Several groups are attempting to purify and characterize the major 
proteins present in the rod outer segment cytosol (Baehr eX al, 1979, 
1982; Godchaux, 1979; Kühn, 1980a,b). The present chapter is directed 
to present an account of intrinsic rod outer segment proteins according 
to their apparent molecular weights and location in the outer segment. 
Special attention is given to the membrane fraction of the rodouter seg-
ment, since this thesis is concerned with the composition of the plasma 
membrane. 
In addition, filaments connecting adjacent disks have already been 
presumed from the fact that disks from both amphibian and mammalian rods 
tend to hold together in small stacks even after destruction of the 
plasma membrane (Roof and Heuser, 1982). The molecular nature of these 
filament-like structures has not been identified thus far. The plasma 
membrane covers the outer segment disks and the connecting cilium with 
the inner segment. The cilium is attached to the outer segment plasma 
membranev-úiperi-ciliary ridge structures (Peters eX at, 1983). For this 
reason we have studied the intrinsic proteins in rod outer segment mem-
brane fractions including the ciliary structures. The protein composi-
tion of photoreceptor disk and plasma membranes will be further differ-
entiated in Chapter IV. 
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Ζ . г . METHODS ANP MATERIALS 
2.2.1. MatMlali, 
Sodium dodecyl sulfate (SDS) was obtained from Pierce Biochemical 
Company (Rockford, 111., USA); 2-mercaptoethanol from Merck (Darmstad, 
FRG), acrylamide (electrophoresis grade) from Biorad (Richmond, CA, 
USA), Ν,Ν'-methylene bisacrylamide from Eastman Kodak (Rochester, NY, 
USA), Triton X-100 from Sigma Chemical Co., Nonidet P-40 (NP-40) from 
Bethesda Research Laboratories (Rockville, Md., USA). Urea was the ul­
tra pure grade from Schwarz Mann Div., Becton, Dickinson and Co. (NY, 
USA). Ampholines 3.5/10, 5/8 were from LKB Instruments Inc. Further, 
analytical grade chemicals were used throughout. 
The following molecular weight standards were used for Polyacryl­
amide gel electrophoresis: e-gal actos i dase, 130 kD (Sigma); Phosphoryl­
ase A, 93 kD (Sigma); bovine serum albumin, 68 kD (Behringwerke AG, FRG) 
glutamate dehydrogenase, 53 kD (Sigma); ovalbumin, 45 kD (Pharmacia); 
Concanavalin A, 27 kD and chymotrypsinogen, 25.7 kD (Sigma); aA crystal-
lin, 20 kD (purified from lens proteins, provided by Dr. H. Driessen, 
Nijmegen); myoglobin, 17.8 kD (Boom, Meppel, The Netherlands); cytochrome 
C, 13 kD (Boehringer); cytochrome С (1-65), 7.8 kD (gift from Dr. P. 
Boon, Nijmegen). 
2.2.2. ΙύοΖαΧΙοη oí wd оаігл ¿e.gme.nti 
Rod outer segments are isolated from bovine eyes. The eyes are obtain-
ed from the local slaughterhouse, where they are excised within 10 min 
after the death of the animal. Retinas are dissected within two hours 
post mortem and immersed in ice-cold Mops or Pipes buffer (pH 7.4 or 6.8, 
respectively), containing 23% sucrose according to de Grip eí a¿ (1980). 
All buffers contain 1 mM DTT. Retinas are homogenized with 10-15 strokes 
of a loosely fitting teflon pestle (clearance 2-3 mm). All manipulations 
are carried out in darkness or in dim red light (λ>659 nm). 
Continuous sucrose gradient centrifugation yields a single band of rod 
outer segments (density 1.12). The outer segments are withdrawn and di­
luted with half a volume of isotonic buffer, whereupon they are collect­
ed by centrifugation for 10 min at 4 0C (SS 34 rotor, Sorvall RC2B, 5000 
rpm). The resulting pellet is stored at 4 0C or rapidly frozen in an eth­
anol -C02 bath and stored at -70
 0C. 
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2.2.3. VeXeAmincLtion o¿ nhodoip&in contint 
The rhodopsin concentration is determined from the difference (ΔΑ500) 
in its characteristic 500 nm absorbance before and after exhaustive il­
lumination in a detergent solution (usually \% Ammonyx-LO). Illumination 
is carried out by placing sol ubi li zed photoreceptor membranes (5-10 yM 
rhodopsin for 5 min) behind 3 mM thick KG 1 (infrared) and 0G 530 
filters (cut-off wavelength 510 nm) at 15 cm from a 100W tungsten lamp. 
2.2.4. VeXeAminatlon о^ орліи contint 
Opsin present in the rod outer segment preparations is regenerated 
into rhodopsin by treatment with ІІ-слл retinal, and the rhodopsin con­
tent before and after this treatment is determined. A suspension of rod 
outer segments is mixed with ll-c¿4 retinaldehyde in five-fold molar ex-
cess relative to the amount of opsin expected to be present in the 
outer segment preparation. For an estimated opsin percentage of 4%, a 
25 μ! volume of a 100 μΜ ll-cli retinaldehyde solution in methanol is 
added to 1 ml rod outer segment suspension (10 nmol rhodopsin) in 0.1 M 
sodium phosphate buffer (pH 6.5). The mixture is incubated at room tem­
perature for 1.5 h. The rhodopsin concentration is measured in aliquots 
of the outer segment suspension. The initial concentration of opsin is 
calculated from the difference in the rhodopsin concentration after and 
before treatment with ll-c¿¿ retinaldehyde. 
2.2.5. liolatlon oh ахопетел 
Axonemes are microtubule doublets with associated connecting struc­
tures present in the connecting cilia (Fleischman, 1980). Their isola­
tion is adapted from methods usedby Witman et al (1972) andFleischman it 
al (1980). Rod axoneme yield proved to be low in the presence of Mg 2 +, 
or when alkali metal salts were present at concentrations greater than 
50 mM. The presence of EDTA is known to initiate axoneme depolymerisa-
tion (Linck, 1973; Stephens, 1970). Therefore, 50 mM Tris-HCl buffer 
(pH 7.0) containing 5 mM Мд 2 +, 25 mM KCl and 1 nM OTT is used to sta­
bilize the axonemes, while TritonX-100 (1%final concentration) is added for 
the extract of photoreceptor membranes and ciliary membranes. Triple-
washed ROS membranes are homogenized in this medium in 10 ml final 
volume (containing 100 nmol rhodopsin) with 10 strokes of a tightly 
fitting pestle, and subsequently centrifuged (lO.OOOxg f o r l h a t 4 0 C ) . 
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The white pellet is extracted once again and is then collected by cen-
trifugation. All operations are performed at 0-4 0C. 
2.2.6. PfwteÁn dztimirwuLLon 
Protein is determined according to the method of Lowry eta£ (1951), 
as modified by Peterson (1977). A l l samples are solubi l ized by deoxy-
cholate and precipi tated with TCA in order to reduce the influence of 
in te r fe r ing substances. Bovine serum albumin of high analyt ical grade 
(Behringer Werke AG, FRG) is dried and used as standard. The resul t -
ing protein values are 4-8% too high when cal ibrated with quant i tat ive 
amino acid analysis. 
2.2.7. Onz-dim<L¥U>ionat SOS polyacty¿amide, g&l еАгсЛлорІпоіііААЛ 
A discontinuous gel system, modified a f t e r Laemmli (1970), is used. 
Linear Polyacrylamide gradient slab gels (0.8-1.5 mm thickness) are 
prepared from a stock solut ion of 40% w/v acrylamide and 1.07% (w/v) 
Ыь acryl ami de. D i f ferent gradients are used varying between 6-19% a c r y l ­
amide, as specif ied i n the legends to the Figures. The percentage of 
sodium dodecylsul fate (SDS) in the slab gel is increased to 0.2% (w/w). 
Rod outer segment samples, containing 35-45 pg p r o t e i n , are suspend­
ed i n 15 yl of water at room temperature an solubi l ized at 0 0C by ad­
d i t i o n of twice concentrated SDS sample buffer (10% 2-mercaptoethanol, 
100 mM Tris-HCl buffer (pH 6 . 8 ) , 4% SDS, 20% glycerol and 0.01% bromo-
phenol blue). A mixture of soluble proteins y ie lds molecular weight 
markers (see Section 2.2.1. ) . The gels are run at 15 mA for 6 h at room 
temperature. Subsequently, they are f ixed f o r two hours in isopropanol/ 
acetic acid/water (25:10:65) and stained with Coomassie blue R-250. 
2.2.8. TMo-cUm&niionai. gel ztzcfiophotti-Li 
The f i r s t dimension IEF gels are prepared according to the methods 
described by O'Farrell (1975) with the fol lowing modif icat ions: 
a. ¿<Mpl£j)AzpiVuition: non-illuminated rod outer segment samples (200-
250 ug protein) are solubi l ized in 2% SDS at room temperature for 
30 min in the presence of 10 mM 2-mercaptoethanol. Just before loading, 
the samples are adjusted with an IEF solution to give a f i na l composi-
t ion of 9 M urea, 0.4% (w/v) SDS, 4% (w/v) NP40, 5% (v/v) mercapto-
-40-
ethanol and 2% ampholytes (0.4% LKB 3.5/10 1.6% LKB 5/8). Samples are 
sonicated in a bath sonicator at 4 0C f o r 3 min 
Ь· ííf.3?4_9?!?E2^-ií^?!?: ^ е f i n a l 9^1 composition is 2.6% (w/w) a c r y l -
amide, 0.16% (w/v) Ыь -acryl ami de, 9.5 M urea, 3% (w/v) NP40 and 2% 
(w/v) ampholytes (0.4% LKB 3.5/10 1.6% LKB 5/8). The f i n a l concentra­
tions of TEMED and amnonium persulfate are 0.16% (w/v) and 0.033% (w/v), 
respectively. Gels (12x0.3 cm, length χ diameter) are allowed to poly­
merize f o r a minimum of 3 h 
с. §£££¿*o£(to;te¿.¿a conditio ni •• the pre-electrophoresis step is carr ied 
out according to 0 'Farre l l (1975). After loading of 50 y l samples, 
these are overlayed with 20 ul of a solut ion of 4 M urea, 0.5% LKB 3/10, 
1% NP40 and 2% mercaptoethanol. Electrophoresis is carr ied out for 16 h 
at 400V and for 1 h at 800V. 
The pH gradient is determined by cut t ing the gel in 0.5 cm pieces, equi-
l i b ra t i ng them in 1 ml 0.1 M KCl for 2 h, degassing and measuring the pH. 
After 30 min equi l ibrat ion in 2 ml SDS sample buffer at room temper-
ature, the IEF gels are run on SDS-polyacrylamide gradient slab gels, 




2.3.1. ЕхХллм-LC. Ίοά ои£ел izgmznt pKoteÄM 
A number of extractable proteins of the rod outer segment appear to 
be membrane-bound at moderate ionic strength (e.g. 100 mM Tris-HCl buf-
fer) and can be solubi l ized only at very high ionic strengths (Kühn, 
1980a,b). These proteins are termed ext r ins ic membrane oroteins. Most 
proteins of rod outer segments are soluble regardless of the ionic 
strength of the buf fer ; these w i l l be termed soluble proteins. 
г. 3. ?. /. Salable, pfiotelvu, 
Soluble proteins are extracted from rod outer segments at moderate 
ionic strength (100 mM Tris-HCl buffer or 100 mm sodium phosphate buf­
fer pH 7.4) a f t e r disrupt ing the plasma membrane by freezing and thaw­
ing. The most prominent bands in the extract are seen at 50 and 48 kd 
(Baehr e i ml, 1979). A doublet of 55 and 53 kD proteins as well as 
proteins in the region of 66-60 kD are extracted under these conditions 
(ci Fig 2 . 1 , lane 3 and Fig 2.3: 10 = 64 kD; 11 = 62 kD; 12=60 kD; and 
14=55 kD; 15 = 53 kD; 17 = 50 kD and 18=48 kD). Minor bands at 68 and 
66 kD are extracted almost completely at moderate ionic strength. The 
same is true f o r components with apparent molecular weights of 28 and 
24 kD. Incomplete extract ion of the l a t t e r proteins can be seen in Fig 
2.3: (29=28kD;31 = 24 kD). 
Several soluble proteins have been characterized by t h e i r function 
by other invest igat ions. These proteins are summarized in Table 2 . 1 . 
ТаЬге 2./ СНАШСТЕШЕО VOLVYEVTWE CHAINS OF 801/IME ROD OUTER SEGMENTS 
Designation Apparent MW (kD) Reference 
large protein (M) 220 
Mg2*-ATPase (M) 160 
c-GMP phosphodiesterase (S) 88,83,13 
S'-nucleotidase (M) 75 
5'-nucleotidase (S) 67 
protein kinase (S) 68 
protein kinase (S) 54 
GTPase 41,37,6 
Protein kinase (S) 32 
Letters between parentheses indicate membrane bound proteins (M) or sol­
uble proteins (S) 
Papermaster eX al, 1978 
Thacher, 1981 
Baehr eX at, 1979 
Fukui and Shichi, 1981 
Fukui and Shichi, 1982 
Kühn, 1978 
Shichi and Somers, 1978 
Godchaux and Zimmerman; 
1979; Baehr at al, 1982 
Lol ley, 1977 
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2 .3 . / .2 . Pe.tÁ.úe.ially nwmbчат-bound ptoteÂiU 
Both cycl ic GMP phosphodiesterase and GTP-binding protein complex are 
membrane-bound at moderate ionic strength {e.g. in Ringer's solut ion or 
100 mM Tris-HCl buffer at room temperature; Wheeler гЛ ai, 1977; Baehr 
et al, 1979). Since most proteins in i n t a c t rod outer segments are ex­
tracted at low ionic strength (e.g. 5 mM Tris-HCl buffer pH 7.4) in the 
absence of divalent cat ions, we have applied th is medium to extract s o l ­
uble proteins (Fig 2 . 1 , lane c ) . 




„ w Fig 2./ Rod outer segment fract ions analy-
l ^ zed by SDS-polyacrylamide gel 
electrophoresis. 
ш
 Rod outer segments are homogenized inSmM 
Tris-HCl buffer (pH 7.4) containing 1 mM 
EDTA and 1 mM DTT by means of a 10 gauge 
syringe and kept on ice for 60 min at 0 C. 
A hypotonic wash f ract ion is obtained by 
centr i fugat ion at 100,000 χ g , 30 min at 
2 0C. The membranes are washed oncemore in 
*«·» the same buffer and collected by c e n t r i f u -
53-Щ цнм» gation (100,000 χ g, 1 h at 2 C C). 





6 n m o i
 rhodopsin); lane b: rodouterseg-
Щ Р Я ^ ' ment membranes af ter hypotonic wash (Slug 
2 7 - 5 prote in, 0.6 nmol rhodopsin); lane c: s o l -
20_ ^* *""\ uble proteins of a hypotonic wash extract (18 щ). A l inear Polyacrylamide gradient 
13- — of 8-18% w/v acrylamide is appl ied. 
8- " 
a b c 
The major extractable proteins comprise: 
a. a doublet at about 88 kD, which has been i d e n t i f i e d as the cycl ic 
GMP-dependent phosphodiesterase (PDE) and which is composed of three sub-
units of 88, 83 and 13 kD (Baehr zt at, 1979) 
b. a doublet of 50 kD and prominent bands at 41 and 37 kD. The l a t t e r 
two proteins are i d e n t i f i e d as subunits of the G-protein complex that is 
composed of three subunits of 37, 35 and 6 kD (Godchaux and Zimmerman, 
1979; Kühn, 1980a). 
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ТаЫг 2.2 APPARENT MOLECULAR WEIGHTS OF INTRINSIC PROTEINS IN ROD OUTER SEGA€NT FRACTIONS 
* Locali7ation+ Nr0 ROS R0S Піскч д Hypotonic Axonemes 
Localization Nr ROS
 m e n l b r a n e s Disks w a s h (this thesis) Fleischman ei a£ (1980) 
С 265 ca 265 




ca 200 ca 200 
M (165) 165 
M 2 (145) 145 145 145 














































S  - 8- (88) -SS- (88) (88) 
M 
S  5* 75 (75) 75 
S 68 (68) (68) 
S/C 67 
S/C 64 -64- -64-
S/C 2* ) 62 62 -62-
S/C ) 60 60 -60-
S 56 
S 5) (55) 55 -55-





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ζ.3.2. Irvtn-tniA-e. тетЬшпг pnotbLnb о^ thz bovine Aod outeA ¿egment 
Rhodopsin is the main protein constituent of rod outer segment mem-
branes. I t has been reported to consti tute over 85% of to ta l outer seg-
ment membrane protein both in frog and in bovine rods (Hall e í al, 1969; 
Bownds et aJL, 1971; Daemen г£ at, 1972). A second band represents a high 
molecular weight glycoprotein with an apparent molecular weight of 220 
kD. This prote in , shown by electron microscopic and imunological meth-
ods to be present in the disk margins (Papermaster <i± al, 1978), com-
prises only 1-2% of to ta l membrane protein of frog outer segment mem-
branes (Coomassie blue s ta in ing ; Papermaster and Dreyer, 1974). 
In addi t ion, the photoreceptor membrane contains a number of minor 
proteins. Careful analysis by gel electrophoresis reveals the presence 
of a number of membrane proteins with apparent molecular weights of 245, 
226, 220, 165, 145, 125, 110 and 95 kD (Fig 2.1 and Fig 2.3a and b: 1 = 
226 kD, 2= 145 kD; 3=110 kD, 4=95 kD). Similar components have been 
reported by other invest igators (Papermaster eX al, 1978; Molday and 
Molday, 1979; Clark and H a l l , 1982). 
2.3.3. l&olatcon and dwAactzsu-zatcon о{ акопакА 
Iso lat ion of axonemes is carr ied out under conditions which s t a b i l i z e 
c i l i a r y structures (Mg2 + and K + ) . A homogemzation medium of moderate 
ionic strength is adapted from an or ig inal method of Witman eXal (1972); 
der the applied conditions (see Section 2.2.5.) 1-1.3* of t o t a l redouter 
segment membrane proteins is col lected as a membrane p e l l e t ( 1 0 5 x g , 
1 h) . 
The main protein components in axonemes a f t e r Tr i ton X-100 extraction 
comprise polypeptides with apparent molecular weights of 125, 9 5 , 6 4 , 6 2 , 
60, 55, 53, 41 and 37 (Table 2.2 and Fig 2 2 ) . Similar proteins were 
detected by Fleischman (1980). Differences in apparent molecular weights 
or ig inate from the d i f f e r e n t gel systems used (Table 2.2). These pro­
teins always are present as minor bands in rod outer segment membrane 
f r a c t i o n s , since they cannot be removed completely by extensive washing 
of rod outer segment membrane f ract ions. However, they can be eluted by 
washing with 1 M glycerol in buffers of moderate ionic strength in the 
absence of divalent cations. 
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F-ój 2.2 Proteins of rod outer segment and axonemes. 
Isolated rod outer segments are washed once in isotonic buf fer , 
and subjected to gel electrophoresis. Marker proteins (see Section 
2 .2 .1 . ) ; lane 2, rod outer segments (72 yg prote in) ; lane 3, membrane 
pe l le t ( 1 0 5 x g , 1 h, 80 \ig) obtained af ter extraction of to ta l rod outer 
segment membranes with 1% Tr i ton X-100 in 50 mM Tris-HCl buffer (pH 7.0), 
containing 5 mM МдСІг and 25 mM KCl. 















5.0 ЬЗ 6.2 
I I I 
68 m Jifc 




20 ^ ^ 
1 7 8
 -










1 0 1 2 , 0
^ . 1 3 9 
1 7 — -
-






F-ój 2.3 Coomassie blue pattern of two dimensional gels of rod outer seg-
ment preparations. 
Rod outer segments are isolated from dark adapted (a,c) and i l luminated 
retinas (b) . Freshly isolated outer segments are washed three times at 
0 0C in 5 IBM Tris-HCl buffer (pH 7.4) , containing 1 mM EDTAandlmM DTT, 
which p a r t i a l l y extracts soluble proteins (a ,b) . Membranes are then co l -
lected by centr i fugat ion (1 h at 105xg) at 2 °C and subjected to iso-
e lec t r i c focussing with a pi range of 4.8-7.6 in the f i r s t dimension 
followd by SDS-polyacrylamide gradient gel electrophoresis (8-18% w/v, 
acrylamide. Samples containing 250 pg prote in , corresponding to 5 nmol 
rhodopsin, are applied. Large arrows indicate (rhod)opsin, pi 5.4 and 
5.6; small arrows indicate opsin oligomers (b) . 
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2.4.1. CÁJLLafiij and miciolilamzwt-tike itnixatutuiA 
In tact bovine rod outer segments consist of a stack of about 500 disks 
surrounded by a plasma membrane. The junct ion between the inner segment 
and the outer segment contains a non-motile c i l ium with breaks at the 
apical region of the inner segment and may remain attached to the outer 
segment. In addi t ion, morphologically d i s t i nc t structures wi th in the 
outer segment can be visual ized by freeze fracture and deep etching 
techniques (Roof and Heuser, 1982; Usukura and Yamada, 1981). 
Hence, one of the d i f f i c u l t i e s in the biochemical characterization of 
the rod outer segment membranes is the presence of protei η components from 
c i l i a r y structures, containing axonemes (microtubular doublets with as­
sociated p e r i - c i l i a r y structures) and filamentous intermembranes connec­
t i o n s . 
There are two main reasons why we decided to include c i l i a r y compo­
nents i n Table 2.2: 
f i r s t , the c i l i a r y structures are present in isolated rod outer segments 
and can contaminate isolated plasma membrane f r a c t i o n s , 
secondly, filamentous intermembrane structures have been poorly charac­
ter ized so f a r , but appear to connect outer segment disks to each other 
and to the plasma membrane. 
These statements are supported by the fol lowing observations: 
- the c i l i a r y structure in isolated bovine rod outer segments has been 
isolated and analyzed by electron microscopy (Fleischman, 1980) and 
is occasionally observed in our outer segment preparations 
- c i l i a r y microtubules extend from the basal sta lk into the space form­
ed by the incisures of the photoreceptor disk saccules and the plasma 
membrane (Young, 1968) 
- deta i ls of the architecture of the p e r i - c i l i a r y ridge structures of 
c i l i a from frog outer segments have recently been visualized by means 
of high resolut ion scanning electron microscopy (Peters e-t al, 1983) 
- filamentous structures appear to connect disks to the plasma membrane, 
both in amphibian and mammalian rods. In cat and c a t t l e rods they seem 
to be branched and i r regular (Usukura and Yamada, 1981; Roof and 
Heuser, 1982), suggesting that the disk-to-disk and disk-to-plasma 
membrane ' f i laments' may be chemically d i s t i n c t structures. The per-
-50-
sis tent association of the stacks of disks with fragments of the plas-
ma membrane af ter disruption of the rod outer segments (van Breugel, 
1977; Roof and Heuser, 1982) may be due to these filamentous e n t i t i e s . 
2.4.2. ViotibLn. compo&jJxon Ojj cÁJUxviy and ^¿Латгпіоиі ¿tnacMvitA 
Pur i f i ca t ion of c i l i a r y structures in order to characterize the i r 
protein composition seems possible only by means of detergents. Proteins, 
remaining in a pe l le t ( 1 0 5 x g , 1 h) a f te r extract ion of rod outer seg-
ment membranes with Tr i ton X-100, are iden t i f i ed as c i l i a r y proteins 
(Table 2.1) . Their composition is largely consistent with the protein 
composition of isolated axonemes described by Fleischman (1980). The 
presence of these proteins in rod outer segment membrane f rac t ions , even 
af ter three washings in low ionic strength buf fer , is shown on 2-dimen-
sional gels (Fig 2.3: 10 = 64 kD; 11=62 kD; 12=60 kD; 14=55 kD; 15=53 
kD; 20=45 kD). 
Fractionation of rod outer segment membranes on continuous sucrose 
density gradients (25-55 (w/w) %) made up in Tris-HCl buffer (pH 7.0) 
of d i f fe rent ionic strength, does not completely remove c i l i a r y struc-
tures from rhodopsin-containing membrane fract ions (densities 1.14 and 
1.16 g/ml). This procedure yields addit ional fract ions with densities of 
1.22 and 1.26 g/ml, which contain major protein components of 64, 62 and 
60 kD and minor components of 265, 230, 125, 95, 55 and 53 kD. 
Pur i f ica t ion of rod outer segments by centr i fugat ion on glycerol 
gradients results in the removal of proteins with apparent molecular 
weights of 55 and 53 kD, which appear to be tubu l in - l i ke proteins, con-
sidering the i r isoelectr ica l points of 5.1 and 5.2 (Fig 2.3: 14=55 kD/ 
pi 5.1 and 15=53 kD/pI 5.2) 
Analysis of proteins of disk membranes isolated by f loata t ion on b% 
Ficol l (Smith, 1975) shows only minor protein bands in the region of 64-
60 and 55-53 kD. Under these conditions about 30% of the membrane f rac-
t ion does not f l oa t upon centr i fugat ion. This f ract ion contains increas-
ed amounts of proteins with apparent molecular weights of 64, 62, 60, 55 
and 53 kD as compared to the f loa t ing disk membranes. 
These results suggest that proteins with apparent molecular weights 
of 265, 230, 125, 95, 64, 62, 60, 55, 53 and 45 kD are localized in ax-
onemal f ract ions. Minor amounts of these proteins are detected in rod 
outer segment membrane fractions (see Fig 4.2 and Section 4 .3 .5 . ) . 
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Upon sucrose density gradient centrifugation the major proteins of part­
ially purified axonemes are 64, 62 and 60 kD components, whereas compo­
nents of 265, 230 and 125 kD are hardly detectable. These proteins may 
apparently dissociate from the axonemes under these conditions. 
Proteins of 55 and 53 kD seem to derive from intermembranous filament­
ous connections either between adjacent disks or between disks and plasma 
membranes. 
2.4.3. Soluble, pnotbini 
Extraction of soluble proteins of rod outer segments is carried out in 
media of low and moderate ionic strength, viz. 5 and 50-100 mM Tris-HCl 
buffer (pH 7.4), containing 1 mM EDTA and 1 mM DTT. Extracted proteins 
which appear in the supernatant of a hypotonic wash are summarized in 
Table 2.2 and comprise: 
a. cytosolic proteins which are extracted in buffers of any ionic strength 
strength: polypeptides of 75, 56, 39, 32, 28, 25, 22, 19, 16, 13, 10 
and 6 kD 
b. periferally membrane-bound proteins which can only be extracted com­
pletely at room temperature in buffers of low ionic strength: 88 kD 
(doublet), 68 kD (doublet), 50 and 48 kD, 41 and 37 kD. A number of 
these proteins so far could be isolated using its specific binding 
properties with respect to the photoreceptor membranes and are part­
ially characterized (Table 2.1) 
с proteins which partially dissociate from the ciliary structures pres­
ent in the rod outer segments (S/C): 64, 62, 60, 55, 53 and 46 kD. Ax-
onemal fractions and microfilamentous structures suffer some damage 
during the course of isolation of outer segments and washing of outer 
segment membranes with Tris-EDTA solutions, as judged from comparison 
with membrane fractions washed in Tris-Mg2+-K+ solutions (Ц Fig 2.2). 
The recovery of axonemal fractions (1-1.3%, w/w, of outer segment mem­
branes) is enhanced if sucrose instead of alkali salts are used in the 
homogenization medium. 
2.4.5. МеліЬлдие-bound pioteÁns 
The main intrinsic membrane protein of bovine rod outer segments is 
rhodopsin comprising over 85% of total outer segment membrane protein. 
One of the main components in addition to rhodopsin is a 220 kD protein. 
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Proteins with apparent molecular weights >245 kD (e.g. 265, 295 and 340 
kD) are sometimes detected in outer segment membranes (see Chapter V I , 
Fig 6.2). We suggest that these proteins or iginate from axonemal f r a c ­
tions (Fig 2.2, lane c ) . 
Minor protein components of 226, 165, 145, 125, 110, 95, 6 6 , 6 2 , 5 5 , 53, 
45, 34, 30 and 20 kD are present in rod outer segment membranes (Table 
2.1). Some of them (95, 50, 30, 20 kD) are hardly detectable on one-di­
mensional Coomassie blue-stained gels. 
The protein composition of isolated outer segment disk and plasma mem­
brane fract ions is described in Chapter IV. 
2.5. Зшталу 
The proteins present in isolated outer segments have been studied by 
SDS gel electrophoresis on two-dimensional gels, stained by Coomassie 
blue. Their location in the outer segment has been assessed by fractio­
nating it in cytosol, membranes and ciliary structures including filam­
entous material. 
Most of the outer segment proteins are extractable in buffer solutions, 
some at any ionic strength, other only at high ionic strength. At least, 
ten proteins in addition to rhodopsin are intrinsic membrane proteins. 
They have apparent molecular weights of 245, 226, 220, 165, 145, 110, 
80, 66, 48, 46 kD and for rhodopsin 36 kD. 
Minor amounts of other membrane-bound proteins, with apparent mole­
cular weights of 265, 230, 125, 95, 64, 62, 55, 53, 46, 34 and 30 kD, 
appear to be part of ciliary structures, since they cannot be solubiliz-




ISOLATIUN OF THE PLASMA MEMBRANE OF HOD OUTER SEGMENTS 
3.1. I^OPUCTION 
The rod outer segment contains a stack of flat disks, which are surround­
ed by a plasma membrane. The disk membrane contains rhodopsin and is the site 
of photon absorption. It is osmotically (Cohen, 1971) and electrically 
separated from the plasma membrane, which is the first site where 
the first electrical response is generated. This characterizes the disk 
and plasma membranes of the outer segmentas two functionally separate and 
different membranes. 
Although the plasma membrane is a key participant in photon transduc­
tion, very little is known about it in contrast to the disk membranes. 
The plasma membrane has never been isolated, separately from the disk 
membrane. Hence, it has hardly been characterized by biochemical tech­
niques. This is due to a combination of reasons: 
1. the plasma membrane, even of small outer segments like those of cattle 
(1.1x15 pm), comprises only a small percentage [ф%) of the total rod 
outer segment membranes 
2. the rod outer segment plasma membrane also contains rhodopsin (Basinger et 
aÁ, 1976), which hampers its discrimination from disk membranes 
3. no specific marker enzymes or proteins are known, which allow to be 
distinguished from the disk membrane 
4. there are no clear ultrastructural differences between the two mem-
branes to permit identification by means of electron microscopy. 
Nevertheless, the isolation of a well-defined rod outer segment plasma 
membrane preparation is essential in order to permit biochemical stud-
ies of the functionally important structures in this membrane. 
This chapter describes the development of a highly specific method for 
the isolation of the plasma membrane of rod outer segments, which based 
on the modification of its density by affinity binding to polystyrene 
beads coated with concanavalin A. The presence of covalently bound con-
canavalin A to the beads allows us to take advantage of the presence of 
lectin-binding sites at the extracellular surface of outer segment plasma 
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membrane (Molday, 1976). Binding of the disk membranes is minimized, 
since in intact disks lectin binding sites are only present on the in-
side of the disk membrane (Röhlich, 1976), and there is l i t t l e tendency 
the disks to adapt the inside-out orientation (Barry vt al, 1980). A 
combination of a column and a bulk procedure has f inal ly been adapted 
for the isolation of the plasma membrane fraction of relatively high 
purity and constant quality. 
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3 . 2 . MATERIALS AMP METHODS 
3.2.1. UciteAlcLti 
Polystyrene beads containing 4% di vinylbenzene as a cross-linker (200-
400 mesh) were obtained from Polyscience Inc. (Worrington, USA). Concana-
valin A was from Pharmacia (Uppsala, Sweden). α-D-methylmannosidewas from 
Sigma, Chemical Company (St. Louis, MO, USA). Sodium dithionite and sodium 
nitrite were from BOOM BV (Meppel, The Netherlands); glycerol from Merk 
(Darmstadt, FRG). Dithioerythritol was from Aldrich Chemical Company Inc. 
(St. Louis, MO, Milwaukee, WI). Analytical grade chemicals of highst pur­
ity availabe were used throughout). 
3.2.2. TòoZcution ofì Ьо Ые. fiod owtoA ¿zgm&nti 
Intact bovine rod outer segments are isolated according to de Grip гЛ 
al (1980). All manipulations with rod outer segments are performed in dim 
red light at 0-4 0C and where possible under a nitrogen atmosphere. The 
rod outer segment pellet is carefully suspended in 20 mM PIPES buffer pH 
6.8), 130 mM NaCl, 10 mM KCl, 3 mM MgCl 2, 2 mM CaCb, 1 mM dithioery­
thritol (DTT) and 0.1 mM EDTA (buffer A). Sucrose has to be removed as 
completely as possible, since it would bind to the concanavalin A sac­
charide binding-sites. This has been done by centrifugal washing (1000 χ g, 
10 min) at 4 0C. The pellet is carefully resuspended in the same buffer 
to a final concentration of 0.3 mM rhodopsin. The rods, which are isolat­
ed in sucrose-media and subsequently washed in physiological saline, ap­
pear to be leaky and show partially broken plasma membranes. This can be 
concluded from the leakage of small solutes like ATP (Schnetkamp <¿£ at, 
1979) and of small amounts of soluble proteins from the outer segment 
cytosol, which can be detected in the wash supernatant. 
3.2.3. Ркгралаііоп 0($ polyamino¿tyizm bzadi 
Polystyrene beads (200-400 mesh) are suspended in 1 M NaCl and filter-
ed on 400 mesh nylon gauze in order to remove broken beads and small part-
icles. Filtered beads (100 g) are stirred for 30 min in 10 ml 98% sulfur-
ic acid in a 250 ml round bottom flask with a glass rod. Nitration is car-
ried out by addition of a mixture of 50 ml 65% nitric acid and 19 ml 98% 
sulfuric acid from a dropping funnel, with continuous stirring. The temp-
erature of the reaction mixture is kept at 30 0C. After stirring for 3 h 
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100 g of crushed ice is added, and the beads are washed in water. The 
nitro groups are then reduced by stirring for 5 h at 70 С in 6% sodium 
dithionite in 2 M sodium hydroxide solution (200 ml/100 g beads). The 
beads are filtered and washed with 1 M hydrochloric acid. Any broken 
beads are removed by filtration on 400 mesh gauze. 
3.2.4. Concanavatin A coupting to the. diazotLzed beadi 
Concanavalin A (300 mg) is solubilized at 0 0C in 10 ml sodium borate 
buffer (0.05 M boric acid, 0.1 M KCl, adjusted with sodium hydroxide to 
pH 8.8). The solution is dialyzed for 16 h against the same buffer, con­
taining in addition 100 mM α-D methylmannoside, 1 mM СаСІг, 1 mM МдСІг 
and 1 mM dithioerythritol (OTT). Finally, the solution is clarified by 
centrifugation (10 min at 10,000χ g). 
Polyaminostyrene beads (108 g, dry weight) are diazotized for 30 min 
at 0 0C in 200 ml HCl by addition of five portions of 5 g sodium nitrite. 
A rapid exothermic reaction takes place, and the temperature is carefully 
controlled at 0 0C. The orange-red beads are filtered and washed with 
cold (-5 0C) 1 M NaCl solution until neutral pH. The diazotized beads are 
suspended in 90 ml sodium borate buffer pH 8.8, containing СаСІ2, МпСІ2 
and OTT (1 mM each). The concanavalin A solution is added to the diazo­
tized beads in a round-bottom flask, which is rotated for at least 30 min 
at 0 0C. The temperature is then increased to 2 0C for another 3 h, where­
upon the reaction is allowed to proceed overnight at 4 0C under contin­
uous stirring. Then, the deep-red beads are filtered to remove excess con­
canavalin A and washed with 500 ml NaCl in a 20 mM PIPES buffer (pH 6.8), 
1 mM СаСІг, 1 mM МпСІг and 1 mM DTT, modified from that described by 
Miller <Lt at (1976). 
The amount of concanavalin A, which is covaiently bound to 1 ml poly­
styrene beads is determined from the 280 nm absorbance in the supernatant 
(V ) before (A ) and after the reaction (A t), substracting the amount 
of concanavalin A that is removed by washing ( А ^ ^ ) in a volume of 200 
ml (^35^). The amount of concanavalin A bound, expressed in mg per ml 
beads, is calculated from the following formula: 
( Ч ) vsup ('n1)-Awash x vwash ^ 1 ) l 
Vbeads (ml) 1-24 
The absorbance of a 1 mg/ml solution of concanavalin A at 280 nm is 1.24. 
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3.2.5. P/104 phcutz deXeAminatlo η 
Membrane samples containing 0.02-0.2 pmol phospholipid are transferred 
to thoroughly steamed test tubes. The tubes are topped with glass marbles 
and are heated at П О С for 1 h. The dry organic residue is digested with 
0.2 ml concentrated НгЗОц/НСЮ;, (5:1, v/v) for 1 h at 180 0C (Fiske-
Subbarow, 1954). The tubes are then cooled below 50 0C. In case the de­
struction is incomplete, 0.1 ml 30% H20 2 is added to all tubes, and the 
samples are heated again for at least 1 h at 180 0C. This step is repeat­
ed until all samples are colorless. After cooling, 4.75 ml color reagent 
is added. This reagent consists of a freshly prepared mixture of 50 ml of 
a solution containing 2.60 g (NHiJgMoyO^^^O and 2.2 ml of a solution 
containing 30.1 mg МагЗгОб + 11 mg МзгЗгОз + 55 mg amino naphthalene sulph-
onic acid (Broekhuyse, 1968). 
The contents of each tube are mixed and incubated for 20 min ina boil­
ing water bath. After cooling with tap water and standing for 30 min in 
darkness, the 820 nm absorbance is measured against water. In each de­
termination, reagent blanks and a series of standard P-j samples (1-5 ug P) 
from a КНгРОі, solution) are included and similary treated. 
3.2.6. Enzymz (ьь&ауі 
Na++ K+-stimulated, ouabain-sensitive Mg2+-ATPase a c t i v i t y is deter­
mined as the difference in ATPase a c t i v i t y in two media, one y i e l d i n g 
tota l ATPase a c t i v i t y and one y ie ld ing the ouabain-insensitive rest ATP­
ase a c t i v i t y . The composition of the media is as fol lows: medium A: 100 
mM NaCl, 10 mM KCl, 5 mM MgCl2, 5 mM Na2ATP, 50 mM imidazole-HCl buffer 
(pH 7.4); medium E: medium A with 0.1 mM ouabain instead of 10 mM KCl. 
The reaction is started by addit ion of the enzyme ( in a volume up to 
50 μΐ) to 400 yl assay medium, preincubated at 37 0C. Membrane prepara­
t i o n s , containg 100-200 yg prote in, are incubated in th is way f o r 30 min 
at 37 С and the reaction is stopped by addit ion of 1.5 ml icecold 8.6% 
(w/v) t r ich loroacet ic acid (TCA). Phosphate released is measured by sup­
plying each tube with 1.5 ml of a freshly prepared solution of 9.6% (w/v) 
РеЗО -^бНгО + 1.15% (w/v) (NHJeMoyOî^HzO in 0.66 M НгЗОц. The absorb­
ance at 700 nm is determined a f t e r standing f o r 30 min at room tempera­
ture. The amount of ATP hydrolyzed can be calculated from the 700 nm ab­
sorbance of standard inorganic phosphate solutions (0.625 and 1.25 μΜ P-j) 
The (Na+ + K+)ATPase a c t i v i t y is calculated as the difference between the 
-59-
a c t i v i t i e s in media A en E. The assay is adapted from the procedure des­
cribed by Bonting (1970, pp 262-263). 
5'-Nucleotidase a c t i v i t y is assayed in extensively washed membrane 
preparations (100-150 yg p r o t e i n ) , suspended in a f i n a l volume of 700 y l 
containing 50 mM glycine-NaOH buffer (pH 8.8) , 20 mM nonylglucose, 1 mM 
МдСІг· The mixture is preincubated for 10 min at 37 0C a f t e r which the 
assay is started by the addit ion of 2 mM S'-AMP ( f i n a l concentration). 
The reaction is stopped at d i f f e r e n t times (10-40 min) by 500 y l 25% TCA. 
Then 1 ml of a freshly prepared color reagent, consisting of 9.2% (w/v) 
РеЗО^-бНгО 1.5% (ΝΗ4)6Μθ7θ21,·4Η2θ in 0.66 M H2SO4, is added. After stand­
ing f o r 20 min at room temperature, the tubes are centr i fuged for 10 min 
at 3000 χ д. The inorganic phosphate released is determined as described 
above. Blanks are run at 0 0 C, and without enzyme at 37 0C to correct 
f o r non-enzymatic phosphate production, endogenous phosphate and reagent 
s t a i n . The assay is adapted from the procedure described by Heppel and 
Hi 1 moe (1955). 
Cytochrome С oxidase assays are performed, as described by Hodges and 
Leonard (1974), by measuring the oxidation of the reduced cytochrome С 
Cytochrome С is chemically reduced by adding a few crystals of sodium d i -
t h i o n i t e . Excess d i t h i o n i t e is removed by passing a i r through the solu­
t i o n f o r a few minutes. In a 2.6 ml reaction v ia l 0.1 ml membrane prepa­
rat ion (20-50 yg) and 2.4 ml 50 mM Tr is-acetatebuffer (pH 7.5) arebrought 
together. The reaction is started by the addit ion of 0.1 ml reduced cyto­
chrome С (0.45 mM). One drop of saturated potassium ferr icyanide is added 
at the end of the assay to determine the opt ical density of the complete­
ly oxidized cytochrome С Rates of cytochrome С oxidation or reduction 
are determined from i n i t i a l l inear rates and the amount of cytochrome С 
u t i l i z e d is estimated, using an ext inct ion c o e f f i c i e n t f o r cytochrome С 
of 18.5 mM-Lcm-1 at 550 nm. 
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3.3. RESULTS 
3.3.1. Сопйлпл аІАп A binding to the. potyityK&m bzadi 
The reaction of the concanavalin A with the diazotized polystyrene beads 
is complete after 18 h, as determined from the amount of concanavalin A 
attached before and after washing. The amount of concanavalin A bound is 
0.72 (S.E., 0.05; η = 6) mg/ml beads (packed-bed volume). The maximal 
binding capacity for concanavalin A can be calculated as follows: the 
average diameter of the polystyrene beads is 53 pm, and the volume of the 
beads per ml of packed-bed volume is 0.518 ml beads. This gives a surface 
area of 563 cm2 per ml packed beads. The average diameter of a tetramer 
of concanavalin A is derived from the greatest cross-section of the el­
lipsoidal domes and assumed to be 40 Â (Becker ei at, 1975). This gives 
a maximal capacity of 0.91 rng/ml beads. Hence, the reaction of concana-
valin A with the diazotized polystyrene beads is 76% complete. 
3.3. г. lòolution ò&iatzgy 
The method developed for isolation of the plasma membrane of rod outer 
segments rests on two principles: affinity-binding of isolated intact rod 
outer segments and density modification of the plasma membrane. The plasma 
membrane of the rod outer segment has extracellularly located saccharide-
groups, which have an affinity for concanavalin A (Nir and Hall, 1979; 
Bridges, 1980). When concanavalin A is immobilized on a suitable carrier, 
viz polystyrene beads, intact outer segments will be bound to polystyrene-
concanavalin A beads, resulting in a greatly increased density of the 
plasma membrane. Lysis of the bound outer segments is then carried out to 
release the disks and separate them from the plasma membrane. Finally, 
the plasma membranes can be eluted from the beads by α-methyl-D-manno-
side, a competing sugar, and the membranes are collected. 
Polystyrene beads have been chosen as support in view of their chemi­
cal and mechanical stability, their smooth surface, their easy chemical 
modification to permit covalent coupling of concanavalin A. 
The next point to be settled is whether to use a column or a bulk pro­
cedure, each of which has advantages and disadvantages. The advantage of a 
column procedure is the confinement of the beads with easy washing and 
collection of the product and the possibility of a continuous separation 
method. Disadvantages of a column procedure are: 
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1. sterical hindrance of movement and flow of the outer segments, which 
may lead to a high degree of non-specific binding 
2. incomplete removal of disk material after lysis 
3. risk of incomplete elution of the plasma membrane. 
The advantages of a bulk procedure are the maximal interaction of beads 
and outer segments with a minimal chance of trapping outer segments be-
tween the beads. Disadvantages of a bulk procedure are: 
1. rapid settling of the beads (density >1.25 g/ml) 
2. fragmentation of outer segments during mixing with the suspended beads 
3. loss of bound outer segments during mixing of the suspended bead. 
3.3.3. QptimlLLzation oi thi ¿iolation ркосгаилг 
The main steps of the proposed isolation procedure are: 
a. rod binding 
b. rod lysis 
с disk removal, and 
d. plasma membrane desorption (Fig 3.1). 
XSOI^TION OF THE ROD OUTER SEGMENT PLASMA MEMBRANE 
1 . Adsorption 




3. Sepdration of 
disk membranes 
ή. Desorption with 
a-D-methyl-
manuoside O ; О О 
F-új 3.? Scheme for the iso la -
t ion of outer segment 
plasma membranes on concana-
val in Α-coated polystyrene 
beads. After each wash the 
beads are allowed to s e t t l e 
for 10 min and the supernat­
ant is removed by f i l t r a t i o n 
through t e f l o n screen. The re­
covery of the plasma membrane 
protein f r a c t i o n is increased 
over 95% by ra is ing the ionic 
strenghtof buffer В with NaCl 
to 0.5 M (buffer C). After 
twofold d i l u t i o n of the buf­
fered media, membrane f rac­
tions are col lected by cen-
t r i f u g a t i o n at 2 0 C, 1 0 5 x g , 
for 60 min. 
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For steps a-c different approaches (column or bulk procedures and densi­
ty separation by means of centrifugation) have been explored in order to 
obtain a plasma membrane fraction of highest purity in maximal yield. 
a. Attachment of the rod to the polystyrene beads has been carried out 
by means of a column and a bulk procedure. In both procedures the beads 
are slighly overloaded with outer segments in order to cover all binding-
sites of the polystyrene-concanavalin A beads. In the column procedure a 
rod suspension is loaded onto a settled column of polystyrene-concanaval­
in A beads. In the bulk procedure the rod suspension is mixed with the 
beads in a tube before allowing the beads to settle in order to remove 
the unbound rods. 
In the column procedure a 3.5 times larger amount of rods is bound, but 
53% of this is removed by subsequent washing, leaving 46% more bound than 
in the bulk procedure (Table 3.1). In the latter procedure washing re­
moves only 4% of the bound rods. In order to combine the advantages of 
each procedure, we have then tested a combination of the two procedures 
in the rod binding step. This gives nearly as much binding after washing 
as the column procedure with as little loss during washing as in the bulk 
procedure. 






























295 ± 28 
79 ι 4 
120 ± 5 
140+ 10 
76 ± 4 
115 ± 5 
125±5 1.9 7 ± 2 3.3 
122±6 2.1 8 ± 2 3.9 
n.d n.d n.d n.d 
110+ 4 2.0 1.7-0.4 4.6 
Data, expressed as nanomole rhodopsin per ml packed bed volume of polystyrene-
concanavalin A beads, are given as averages with S.D. for four experiments 
"'"Rhodopsin content on protein basis, expressed by А2 0/А500 
n.d.: not determined. 
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b. Before lysis of the outer segments the column bed or the suspended 
beads are washed with isotonic PIPES buffer (pH 6.8), containing 3 M 
glycerol. Glycerol is required to render the subsequent lysis step more 
efficient. It quickly penetrates the outer segments, but does not induce 
lysis or removal of the rods. Lysis is carried out in a 10-fold diluted 
PIPES buffer with 1.25 M glycerol. Exchanging media is more convenient in 
the bulk procedure. Therefore, the column procedure has been chosen for 
the lysis step. 
с Removal of the disks has been performed by a column procedure as 
well as by centrifugation (90 min at 80.000 χ g) on a 30-45% (w/w) sor­
bitol gradient in 10-fold diluted PIPES buffer (pH 6.8). In view of the 
high rhodopsin yields (7 and 8 nmol rhodopsin) in the plasma membrane 
fraction obtained bv these two methods we conclude that the disk mem­
branes are incompletely removed. 
We have, therefore, tried a bulk procedure by three successive washes of 
the beads. This procedure does indeed give more complete removal of the 
disks, as indicated by the much lower rhodopsin yield in the plasma mem­
brane fractions (1.7 nmol rhodopsin). 
d. Desorption of the plasma membranes is most complete when using a 
bulk procedure, where beads and elution medium can most vigorously in­
teract. A plasma membrane recovery of over 95» can thus be obtained. 
3.3.4. f¿noJULy adopted Lio-tcution ркосгаилг 
a. Rod binding. A 10 ml volume of rod outer segment suspension, con­
taining ca 3 ymol rhodopsin, is added to 26 ml (packed-bed volume) of 
polystyrene-concanavalin A beads. The mixture is gently swirled in a 
plastic tube and allowed to stand for 20 min. The supernatant is removed 
and retained, while the beads are poured onto a 6 cm long column of 2.5 
cm diameter. The supernatant fraction is then loaded on the column at a 
pump rate of 3 ml/h. The column bed is washed overnight with PIPES buf­
fer (Section 3.2.2.), which removes unbound rods. The binding of the rods 
to the polystyrene-concanavalin A beads is illustrated in Fig 3.2a and 
3.2b. The limited coverage with rods is due to an additional wash step 
with 150 mM ammonium acetate, added in order to prevent the formation of 
salt crystals during freeze-drying prior to scanning electronmicroscopy. 
b. Rod lysis. The column is washed with 13 ml PIPES buffer (DH 6.8). 
containing 3 M glycerol, at a rate of 6 ml/h. Hypotonic lysis is perform-
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ed by washing the column with 13 ml 10-fold diluted PIPES buffer (2 mM) 
containing 1.25 M glycerol (washing buffer). The column is then emptied 
into 4 tubes, each containing 20 ml washing buffer. 
c. Disk removal. Removal of the disks is carried out by at least three 
subsequent washes of the suspended beads. The tubes are vortexed for 10 
sec or gently shaken, and the beads are allowed to settle for 20 min. The 
supernatant is decanted to remove the lysed disk membrane vesicles. The 
beads are then washed three times with 50 ml washing buffer. Each time 
the beads are allowed to settle. The appearance of the beads after lysis 
and washing is shown in Fig 3.2c and 3.2d. The combined supernatants are 
filtered over nylon gauze (1200 mesh) to remove residual beads. The 280 
nm absorbance of the last wash should be below 0.06. The supernatant is 
diluted with an equal volume of water, and the released disk membranes 
(Fig 3.3b) are collected by centri fugati on (ΙΟ 5χ g, 1 h). 
d. Plasma membrane desorption. The beads are vortexed for 10 sec in 
the elution buffer, consisting of 2 mM PIPES (pH 6.8), 1.25 M glycerol, 
150 mM ci-methyl-D-mannoside, 500 mM NaCl, 1 mM СаСІг, 1 mM MgCb, 1 mM 
DTT and 0.1 mM EDTA. The suspension is then kept for 30 min at 0 0C. The 
beads are washed three times with the same buffer solution. Supernatant 
fractions and beads are filtered on 1200 mesh nylon gauze to collect the 
void volume. The plasma membrane fraction is collected by centri fugation 
(10 5xg, 1 h) after dilution with an equal volume of water. 
3.3.5. СкаласХеліглііоп o{¡ the. ріалта. ттЬпапг and d¿ik membiane ¡j/iac-
tioni 
Rhodopsin content (Table 3.2) and the activities of three marker en-
zymes (Table 3.3) have been determined. The rhodopsin content of the 
plasma membrane (51%) is only slightly more than half of that in the disk 
membranes (93%), while the disk membrane content is slightly but not sig-
nificantly higher than that of whole washed rods (90%). In cattle rods 
(1.1 ym diameter, 15 urn long, ca 500 disks) the disk membrane area com-
prises ca 94.6% and the plasma membrane ca 5.4% of total rod outer seg-
ment membrane area. Thus the percentage of rhodopsin present in the plasma 
membrane would be 0.054 χ 51/90 χ 100 «* 3%of that in whole outer segment. 
Hence, the rhodopsin yield of 1.5% obtained with our isolation procedure 
(Table 3.1), represents a 50% yield of the plasma membranes present in 
the rods. 
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F-cg 3.2 Scanning eJL&ctnon micnogiapki od potyity^im-concanavaLLn A beadi шіЛі iodi, and pùuma темЬллпол 
attached. 
After removal of the unbound material, the beads are suspended in isonic Pipes buffer (pH 6.8) and fixed 
in 2% glutaraldehyde for 30 min at 20 0C. The beads are then suspended in ammonium acetate (150 mM), frozen 
in melting nitrogen and freeze dried. 
a, b: Polystyrene-concanavalin A beads with attached outer segments after the washing step; a:±205x, b:±680x 
c, d: Polystyrene-concanavalin A beads with attached plasma membrane fractions after lysis and washing: 
c:±365x, d:±2900x. 
ЮН IM 
F¿g 5.3 Elzctuon-miciognaplLi oií outeA ¿гдтгпі únactioni. 
a: Disk membranes. 
b: Plasma membranes. 
c: Axonemes ( longi tudinal and cross-section). 
Isolated membrane fract ions are f ixed at 4 0C in equal volumes of isotonic Pipes buffer (pH 6.8) and 6% g lu-
taraldehyde. Micrographs are obtained through the col laborat ion of dr J . Olive and Prof.dr E.L. Benedetti, 
I n s t i t u t de Biologie Moléculaire, Université de Paris V I I , France. 
Tablz 3.2 RH0P0PSIN ANP PROTEIN CONTENTS OF BOI/INE ROÍ» OUTER SEGMENT 
MEMBRANE PREPARATIONS 
ROS fraction 








Id /Rhodopsin protein/. ^„0, 1
 Total protein > x ι υ ω 
90±0.7 
93±0.8 
51 + 0.7 
n-12 
Averages are given with standard error of the mean for η different prep­
arations. Membrane preparations are twice washed and incubated for 30 
min at 20 0C (in 50 mM Tris-HCl buffer (pH 7.4), 1 mM EDTA and collected 
by centrifugation at 4 0 С , ΙΟ 5χ g, 60 min. Rhodopsin contents are deter­
mined by A5oo measurements in 1% Ammonyx-LO. Protein ratios are calculat­
ed assuming a MW of 40.000 for rhodopsin. 
Table. 3.3 (Na+ + К+)-АТРси,г ANP 5'-NUCLE0TIPASE ACTIl/ITIES ROÍ? OUTER 
SEGMENT MEMBRANE PREPARATIONS 
Membrane fractions (Na++K+)-ATPase 5'-Nucleotidase 
Washed whole rods 1.17 ± 0.09 1.21 л 0.06 
Disk membranes 1.11 ± 0.12 1.31 ι 0.15 
Plasma membranes 0.99 + 0.10 1.10 ± 0.06 
Lower band+ 20.6 ± 1.5 5.9 ± 0.7 
Averages for 4 preparations with SE of the mean. 
+A small band just below the ROS band, which contains membrane material 
originating from Golgi bodies, lysosomes, synaptosomes and inner seg­
ment plasma membranes. 
The specific activities of (Na+ + K+)-ATPase and 5'-nucleotidase are about 
equal for the plasma and disk membrane fractions and very much lower than 
those in the lower band, obtained during the rod outer segment isolation 
(Table 3.3). This lower band is thought to represent mainly inner segment 
plasma.membrane material (Zimmerman et al, 1976). These findings indicate 
that our outer segments and the plasma and disk membranes isolated from 
them show little contamination by inner segment material. No cytochrome С 
oxidase activity could be measured in any of the three membrane prepara­
tions, which indicates the absence of mitochondrial contamination. 
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3.4. PISCtJSSION 
3.4.1. lioùition pKoczdiiAi 
The lectiη-based density nrodification of the rods, as used by us, is 
in its principle analogous to the polylysine-coatedbead technique of Jacobson 
ΐΧαΙ (1978), but its highly specific and more easily reversible in the final 
elution step. In isolating the plasma membrane of rod outer segment we 
utilize the observation that the external surface of the rod outer 
segment contains receptors for the Jack bean lectin, concanavalin A. When 
using intact sealed bovine outer segments, the concanavalin A-binding 
sites in the disks remain masked and only plasma membrane will be bound 
to the concanavalin A carrying polystyrene beads, even after lysis of the 
rods. 
When mixing the polystyrene beads with the rod suspension, careful 
handling is required to keep the rods intact, especially in isotonic buf­
fers without sucrose present. Once the rods are bound, impurities or non-
specifically bound material can be removed from the beads by washing the 
column bed with isotonic buffer. Addition of 3 M glycerol to the isoton­
ic buffer before lysis of the rods makes the plasma membrane leaky. It 
does not cause lysis of the disks, as is indicated from thin-section e-
lectron microscopy. Glycerol also reduces non-specific binding of the rods, 
when they are loaded onto a column of polystyrene-concanavalin A beads 
(see Table 3.1). 
After lysis, the presence of glycerol in the washing buffer and vor-
texing (10 sec) or gently shaking of the beads are required for complete 
removal of the disk membranes from the plasma membranes, which are bound 
to the beads. However, vigorous shaking or exhaustive vortexing should be 
avoided in order to prevent release of bound plasma membranes from the 
beads. 
Both procedures, l.z. column or bulk procedures, appear to have sever­
al drawbacks. In the column procedure there is a high degree of non-spec­
ific binding of outer segments, and removal of the disk membranes is in­
complete. The bulk procedure induces fragmentation of the rods with mix­
ing and does not allow more than 76 nmol rhodopsin to be bound per ml 
beads (packed-bed volume) which is about 60% of the maximal binding capac­
ity of the polystyrene-concanavalin A beads when applied in a combination 
of a bulk and column procedure. 
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Thus, the bulk procedure is applied in combination with a column to bind 
a maximal amount of outer segments to the beads (120 mmol rhodopsin per 
ml beads). A slight excess is always applied to the beads in order to 
cover all binding sites on the beads. Subsequently, lysis is carried out 
by emptying the column into tubes and the bulk procedure is used to sep­
arate disk and plasma membrane fractions. After elution by means of a-
methyl-D-mannoside plasma membrane recovery is >95% (weight-percentage 
of total protein amount extracted by SUS). Recovery of phospholipids is 
over 90% (based on the residual amount of phospholipids which can be ex­
tracted by chloroform/methanol; 1:1). 
In conclusion, we have been able to isolate a plasma membrane fraction 
from outer segments in a yield of ca 50%, comprising 1.5% of total rhod­
opsin present in the rods. The membranes have a rhodopsin content of 
slightly more than half of that in disk membranes. The plasma membrane 
fraction is not significantly contaminated by inner segment plasma mem­
branes and mitochondrial membranes. A more detailed biochemical analysis 
of the plasma membrane is the main subject of the next chapter. 
3.5. Зишкш/ 
A method for the isolation of the outer segment plasma membrane (only 
5.4% of total outer segment membranes) has been worked out. The proc­
edure is based on the presence of receptors for the Jack bean lectin, 
concanavalin A. Intact bovine rod outer segments are bound to concana-
valin A covalently linked to polystyrene beads. After hypotonic lysis 
the disk membranes can be removed, and the plasma membranes can be 
isolated by treatment of the beads with α-methyl-D-mannosi de solution. 
The highest yield (ca 50%) and purity of plasma membrane are obtain­
ed by a combination of a bulk and a column procedure for the binding 
step, a column procedure for the lysis step and a bulk procedure for 
the disk removal and plasma membrane isolation steps. 
The plasma membrane has a lower rhodopsin content than the disk mem­
brane (51% vi 93%) and slightly higher protein content (52% vi 48%). 
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CHAPTER IV 
STRUCTURAL CHARACTERIZATION OF THE PLASMA MEMBRAME 
4.1. IWTROPUCTIOW 
Isolation of a plasma membrane fraction of bovine rod outer segments has 
been described in the previous chapter (Chapter III). Both disk and plas-
ma membrane fractions contain rhodopsin as a major protein constituent, 
but in unequal concentrations. 
Further characterization of the chemical and enzyme composition of the 
plasma membrane is a prerequisite for studies on the role of this highly 
specialized membrane in visual excitation, particularly of the nature of 
the light-regulated sodium channel. 
This chapter describes the structural analysis of the plasma membrane 
preparation with respect to phospholipid, cholesterol, fatty acid, pro-
tein, and carbohydrate composition of the membranes. The results are com-
pared with those for the disk membranes and whole outer segments. From 
this comparison the extent of contamination of the plasma membrane frac-
tion with disk membranes is assessed. 
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4 . 2 . MEWOÜS 
4.2.1. Total chotdbtviot deXfimination 
Total cholesterol is determined enzymatically by a modification of the 
'CHOD-PAP' method (Boehringer Mannheim, FRG). All cholesterol esters are 
quantitatively hydrolyzed by cholesterol esterase. In the presence of 
oxygen the free cholesterol is transformed by cholesterol oxidase to Д ц-
cholestenone. 
A total lipid extract of rod outer segment membrane preparations, con­
taining 0.2-0.3 ymol lipid, is dissolved in 25 ul isopropanol (which is 
essential for proper functioning of the cholesterol esterase and oxidase), 
and 0.7 ml enzyme solution (2 mg/ml) is added. The mixture is incubated 
for 15 min at 37 0C and the 500 nm absorbance is read against a blank. A 
standard curve of 1-25 \ig cholesterol in isopropanol is prepared with the 
'Precimat' cholesterol standard solution (Boehringer Mannheim, FRG). 
4.2.2. Рлее скоігліелоі deteAmination 
Free cholesterol is determined as cholestenone by its 235 nm absorb­
ance (Moore zt a¿, 1977). Rod outer segment membrane preparations (50-100 
pg protein) are incubated in 0.5 ml 50 mM Tris-HCl buffer (pH 7.4) with 
20 μΐ cholesterol oxidase (25 U/ml; Boehringer Mannheim, FRG), for 1-3 h 
at 37 0C. 
Aliquots of the incubation mixture are extracted twice with a solution 
containing 1.55 ml isopropanol, 1.4 ml η-heptane and 0.02 ml HjO. The mix­
ture is vortexed for 1 min, centrifuged (10 min at ЗОООхд) and the hept­
ane layer is collected. Heptane samples are measured agains controls at 
235 nm. Control samples are incubated at 0 0C with enzyme. Standard curv­
es are prepared by adding 0-20 yg cholesterol in 25 yl isopropanol to 
0.475 ml 50 mM Tris-HCl buffer (pH 7.4) containing 0.1% deoxycholate (w/v) 
and 5 yl cholesterol oxidase (7 U/ml). 
After incubation for 3 h at 37 0C aliquots of the mixture are extract­
ed and measured as described above. 
4.2.3. СалЬокуіРіаіг anatyiAJ, 
For neutral sugar analysis rod outer segment membrane preparations 
(200-400 yg protein) are washed at least four times with distilled water 
and are collected by centrifugation (1 h at lOO.OOOxg). Samples are hy-
-72-
drolyzed in 2 N HCl for 2.5 h at 100 0C in sealed evacuated tubes. Neu-
tral sugars are assayed by gas liquid chromatography according to Langeveld 
eX a i (1978). Time of hydrolysis for amino sugars is 1-3.5 h in 3-6 N 
HCl and amino sugars are determined on the amino acid analyser (section 
4.2.5). 
4.2.4. ?n.otbÎn deXvmLnation 
Protein is determined according to a modified Lowry method of Peterson 
(1977), which includes deoxycholate (DOC)-solubilization and prec ip i ta -
t ion with t r ich loroacet ic acid to remove contaminating mater ia l . Samples 
containing 5-100 ug protein are mixed with deoxycholate (DOC; 0.02% w/v, 
f ina l concentration) and are allowed to stand for 10 min at 20 С T r i ­
chloroacetic acid {1.2%, w/v, f i n a l concentration) is added, and the pre­
c i p i t a t e is col lected by centr i fugation at 6000 χ g for 10 min. The super­
natant is decanted carefu l ly . The p e l l e t is resuspended in 1 ml water and 
the color reagents are added in the presence of sodium dodecyl s u l f a t e . 
The amount of protein is measured spectrophotometrically at 750nm. Bovine 
serum albumin is used as standard. 
4.2.5. Asnino a.cÁ.d anaZyi¿i 
When a more exact determination of protein is needed, quantitative a-
mino acid analysis is applied. The analysis is carried out on a modified 
JE0L type JLC-6 AH amino acid analyser. Protein hydrolysis is performed 
in sealed vials at 110 0C, containing 0.1-0.3 mg protein in 0.3 ml 6 N 
HCl, and 75 nmol norleucine as internal standard. Time of hydrolysis 
ranges from 6-48 h. HCl is removed by overnight evaporation under re-
duced pressure in the presence of solid NaOH and РгОь· The original a-
mount of protein is calculated by adding the weight of the separate amino 
acids (minus water) after correction for incomplete hydrolysis of valine, 
leucine and isoleucine (by extrapolation to infinite time of hydrolysis) 
and for destruction of tryptophan, serine and threonine (extrapolated to 
zero time of hydrolysis). 
4.2.6. Lipid гхЛласііоп 
Samples of diluted suspensions of washed rod outer segments, which 
contain about 150-200 nmol phospholipid in a volume of 100 yl, are mixed 
in an equal volume of methanol. To this suspension are added 20 volumes 
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of chloroform/methanol (2:1, v/v), containing 50 mg/ml butylated hydroxy-
toluene (BHT) as antioxidant. 
Lipid extraction is performed by vigorous shaking during 30 min at room 
temperature (modified after Folch et at, 1957). After centri fugati on (5 
min at ЗОООхд), the supernatant is removed and extraction is repeated. 
The pooled extracts are washed with 0.2 volumes of acidified 0.1 M KCl 
(pH 5.0) by gentle shaking. 
After centrifugation, the lower layer is collected and evaporated un­
der a stream of nitrogen. The residue is dissolved in 0.1 ml choroform/ 
methanol (1:1, v/v) for direct analysis or stored in 0.1 ml toluene/meth-
anol (4:1, v/v) at -20 0C under nitrogen. 
4.2.7. Fotti/ acid amlyilb 
Lipid extracts (0.1 ml) are transferred to 3.5 ml vials with screw cap. 
After evaporation, the residue is dissolved in 0.3 ml methanol containing 
14% (w/v) BF3. Occasionally 3 pg tricosanoic acid (C23:0; Supelco, Belle-
fonte, USA), dissolved in 30 yl pentane, is added as an internal stand­
ard. The vials are sealed with a teflon rubber septum and heated for 15 
min at 100 0C to achieve lipid hydrolysis and methylation of fatty acids. 
Equal volumes (0.3 ml) of и-pentane and water are added. The mixture is 
vigorously shaken for 15 min and the phases are separated by centrifuga­
tion (5 min at 3000xg). The lower aqueous layer is once reextracted with 
n-pentane (0.3 ml). The pooled pentane layers, containing the fatty acid 
methyl esters, are washed by shaking with one volume of H2O (15 min), 
followed by centrifugation (5 min at ЗОООхд). The pentane (upper) layer 
is removed, dried over anhydrous sodium sulfate and centri fuged. The re­
sulting clear solution is evaporated in a stream of nitrogen and the res­
idue is taken up in 25 μΐ и-pentane. 
4.2.S. Guanylatz cycZcue. аллау 
Freshly isolated rod outer segment mentrane fractions are washed twice 
in 50 mM Tris-HCl buffer (pH 7.4), 1 mM EDTA, 1 mM DTT by means of centri­
fugation (1 h at ΙΟ5 χ g). Membrane pellets are resuspended in water at a 
concentration of 1 mg protein/ml. Aliquots of 10 μΐ are diluted with 9 
volumes of an incubation medium containing 100 mM Tris-HCl (pH 7.6), 0.5 
m GTP, 1 mM 3-isobutylmethylxanthine, 5 mM МпСІг, 0.05% BSA, 1.5 mg/ml 
creatine Phosphokinase (Sigma), 5 mM creatine phosphate disodiumsalt 
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(Serva, Heidelberg). Duplicate samples of 10 and 20 yl are incubated for 
0, 1, 2 and 5 min at 37 0C. The reaction is stopped by adding 50 yl of 
35 mM EDTA and immersing the tubes in a boiling water bath for 3 min. 
A trace amount of (3H)cGMP (2.75 yg, specific activity 9.09 mCi/mg) 
is added. The amount of cGMP formed during the enzyme incubation is then 
determined with a radio-immunoassay using an antiserum against cGMP (the 
Radiochemical Centre Ltd., Amersham, England). Fifty yl of an antiserum 
solution is mixed with duplicate samples of 100 yl and the mixture is kept 
at 0 0C for 1.5 h. Separation of the antibody-bound cGMP from the free 
nucleotide is achieved by precipitation with a 60% saturated ammonium 
sulfate solution (39 g in 100 ml water). The antiserum is collected by 
centrifugation of the samples (5 min at 12,000 χ g). Standard samples con­
taining the same trace amount of (3H)cGMP and 0-10 pmol unlabelled cGMP 
are similarly treated. 
The supernatant is carefully decanted and the precipitate is dissolv­
ed in water to measure radioactivity by liquid scintillation counting. 
The percentage binding of labelled cGMP is inversely related to the un­
known concentration of cGMP present in the sample. This concentration can 
be calculated from the ratio of the standard in the absence of unlabelled 
cGMP and the standard in the presence of unknown cGMP. Both values are 
corrected for the blank. The value of this ratio is used to rate the num­
ber of pmol of inactive cGMP from the standard curve. 
4.2.9. Removal. o(¡ сл£іалу ma.tvu.al 
Plasma membrane preparations reveal the presence of ciliary structures 
when studied by electron microscopy. These membrane preparations are, 
therefore, further fractionated in order to remove these ciliary struc­
tures. A procedure modified from Hansema and Kung (1975) is applied. 
Plasma membrane fractions are incubated in a mixture of 250 mM sucrose, 
5 mM Tris-HCl buffer (pH 8.3), 2 mM EDTA, 50 mM NaCl, 1 mM CaCb and 0.5 
mM phenylmethyl-sulfonyl fluoride for 60 min at 20 0C. The suspension is 
then vortexed for 5 min and is centrifuged for 60 min at 100.000 χ g to 
recover all membrane material. The pellet is suspended in 10 mM Tris-HCl 
(pH 8.3) to a concentration of about 5 mg/ml protein, and 0.5-1.0 ml of 
the suspension is layered on a linear 25-55 (w/w)% sucrose gradient in 10 
mM Tris-HCl buffer (pH 8.3). The gradient is centrifuged in a SW 27.1 
rotor at 80.000xg for 16 h at 4 0C to separate fractions differing in 
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density. A sharp band at 34% sucrose, a broad band at 46% sucrose and a 
pellet are obtained. Fractionation of the pellet has been attempted by 
sucrose step gradient centrifugation. 
The material is suspended in 10 mM Tris-HCl buffer (pH 8.0) to a con-
centration of 5-10 mg protein per ml and 0.2 ml is layered on a sucrose 
step gradient. The sucrose gradient consists of 1.7 ml 66% (w/w), 2.7 ml 
55%, 2.7 ml 45% and 2.7 ml 25% sucrose in 10 mM Tris-HCl buffer (pH 8.0). 
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4.3. RESULTS 
4.3. J. PhoiphoLLpLd and choteAt&iot contint 
The phospholipid and cholesterol contents of the plasma membrane, disk 
membrane and whole outer segment membrane fractions have been determined 
and compared. The phospholipid to rhodopsin molar ratio in disk membranes 
(62, SEM: 3.1, η =6) is virtually equal to that in total outer segment 
membranes (63, SEM: 1.5, n = 6 ) , but that in the plasma membrane fraction 
is much higher (96, SEM: 3.1, η = 6). This higher ratio in the plasma mem­
brane is due to the low rhodopsin content of this membrane, as becomes 
clear when the phospholipid/protein ratios in disk and plasma membrane 
fractions are calculated. Ratios of 1.42 and 1.20 ymol lipid-phosphorus/ 
mg protein in disk and plasma membrane, respectively, are found. 
The plasma membrane value is significantly lower than that for the disk 
membrane. 
The molar ratios of cholesterol to phospholipid in the plasma membrane 
and disk membrane appear to be equal (Table 4.1). The differential de­
termination of total and free cholesterol in whole outer segment membrane 
Table. 4.1 PHOSPHOLIPIPAMD CHOLESTEROL CONTENT OF BOI/INE ROO OUTER SEG­
MENT MEMBRANE PREPARATIONS 
Plasma membranes Disk membranes ^ 1 0"κ βΓ„!! 9" 
ment membranes 
μ ? ρ Α θ 1 1 Ρ ΐ α / 1-20і0.08 1.42±0.04· 1.40*0.07 (η=6) 
Toi ZVoll™y 0 Л 2 ± 0 · 0 2 0 Л 1 ± 0 · 0 7 о л з ± 0 · 0 7 (п=3) 
mol/cholesterol/
 q ? , ? т Р н П й q n + n ? 
lOOmol phospholipid 9 · 2 " 1·Ζ Ί 3 ± 0 · 6 9 · 0 * 0 · 7 
Membrane preparations are washed twice in 5 mM Tris-EDTA buffer (pH 8 . 0 ) , 
followed by centr i fugation at 4 0C ( 1 0 5 x g , 60 min), whereafter analyses 
are carried out as described in sections 3.2.5. and4.2.1. 
Averages with SEM for η d i f f e r e n t preparations are given. 
*denotes s i g n i f i c a n t difference between plasma and disk membranes ( t - t e s t , 
P< 0.05). 
membrane preparations gives 5.70 and 5.65 mol cholesterol/mol rhodopsin, 
respectively, indicat ing the absence of a s ign i f icant amount of cholest­
erol ester. This has been confirmed by the absence of a cholesterol ester 
spot a f t e r one-dimensional thin-layer chromatography of l i p i d e x t r a c t s , 
using two d i f f e r e n t solvent systems to obtain effect ive separation of the 
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various neutral lipids (van Gent, 1968). 
Our value for the cholesterol to rhodopsin ratio in outer segment mem-
branes (5.7) is slightly higher than the value of 4.7 recently reported 
by Fliesler eí al (1982). 
4.3.2. Fotti/ acÀ.d compo&JJxon 
The fatty acid compositions of the plasma membrane and disk membrane 
preparations are compared in Table 4.2. The saturated fatty acids, viz palm-
itic acid (C16:0) and stearic acid (C18:0) and the low unsaturated fatty acids 
(C16:l and C18:l) are significantly higher in the plasma membranes, whiledo-
cosahexaenoicacid (C22:6) is significantly lower. Asa result, the total poly-
unsaturated fatty acid content of the plasma membrane is 20* lower than in the 
disk membrane, and the average number of double bonds per fatty acyl chain in 
the plasma membrane is also significantly lower than in the disk membrane (2.38 
IM 3.10). 
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mol % of t o t a l 
20.1±0.8 
4 . 0 ± 0 . 3 
24.3+ 1.0 
7 . 6 ± 0 . 3 
1.8±0.2 












f a t t y acids 
17.6+0.4 
0 . 9 + 0 . 2 
21.6±0.3 
4 . 1 ± 0 . 2 
0 . 8 + 0 . 2 
4 . 0 + 0 . 2 
1.4+0.1 
2 . 0 + 0 . 1 
1.6+0.1 
42.6±0.9 








21.9 + 0.4 
3.9+0.2 
0 . 8 + 0 . 1 
4.1 + 0.3 
1.6+0.2 
2.1 + 0.2 






Averages for 5 preparations each are given with SEM. 
•Denotes a significant difference between plasma and disk membranes it-
test, Ρ< 0.05) 
"•"Unidentified fatty acids, containing mainly C18:3 and C20:4u3. 
"Polyunsaturated fatty acids, comprising C18:2, C20:4, C22:4, C22:5, 
C22:6 and C24:X. 
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4.3.3. CaAbohydwXz composition 
The results of the analysis of neutral and amino sugars are listed in 
Table 4.3. The analysis of neutral sugars by gas liquid chromatography 
shows a good reproducibility for mannose and galactose. The galactose 
ТаЫг 4.3 САШОНШАТЕ COMPOSITION OF MEMBRANE PREPARATIONS FROM OUTER 
SEGMENTS 
. . , . olasma membranes disk membranes 
caroonyarate
 ( g / 1 0 0 g p r o t e i n ) ( g / 1 0 0 g ρ Γ Ο ί βΐη) 
mannose 1.26 ι 0.09 1.68 ± 0.11 n=3 
galactose 0.33 ± 0.03 0.19 ± 0.02 n=3 
glucosamine 1.45 ± 0.15 1.56 ± 0.20 n=2 
galactosamine 0.18 i 0.03 0.10 ± 0.02 n=2 
Carbohydrate is analyzed as described in Section 4.2.3. Averages for three 
determinations on η preparations are given with SEM. 
content in the plasma membrane fraction is almost twice as high as that 
in the disk membrane. This suggests the presence of specific glycopro­
teins, containing galactose residues in the plasma membrane. This is sub­
stantiated by the fact that Ricituu, communis, agglutinin binds to plasma 
membrane proteins of 34 and 62 kD (Table 2.2). 
4.3.4. Guanylatz сусіаіг acXivLtij 
The guanylate cyclase activity in whole outer segments, which have 
been washed in 5 mM Tris-HCl buffer (pH 7.4) to remove cGMP-dependent 
phosphodiesterase, is 1.83 nmol cGMP produced/mg protein/mi η, which is 
slightly higher than in earlier reports (1.1-1.3 (Goridis eXa t , 1973; 
Krishnan ztcUL, 1978). The enzyme activity in the plasma membrane is at 
least four times higher than in the disk membrane (Table 4.4). 
Table 4.4 GUAN/LATE CYCLASE ACTIVITY IN MEMBRANE PREPARATIONS 
membrane fraction activity 
whole washed rods 1.83 ± 0.12 
disk membranes 1.46 ± 0.13 
plasma membranes 6.1 ±1.2 
Average specific activities, expressed in nmol cyclic GMP/mg protein/min, 
are given with SEM for four preparations each. 
In order to investigate the presence of guanylate cyclase activity in 
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c i l i a , to ta l outer segment membranes are extracted with Tr i ton X-100 {c{¡ 
Fleischman eXaZ, 1980), and the axonemal f ract ion is col lected by centr i fuga-
t ion (ΙΟ5 χ g, 1 h ) . Up to 22% of the guanylate cyclase a c t i v i t y is recovered 
in t h i s preparation (Section 2.2.5). At present i t is not clear how much 
of the four times higher guanylate cyclase a c t i v i t y in the plasma mem­
brane preparations derives from axonemes in the plasma membrane proper. 
4.3.5. ?>iot<¿Añ compoò-Ltion 0$ the. ріалта. ттЬплпгА and dlik mmbianu 
The polypeptide composition of the plasma and disk membranes has been 
















F-tg 4.1 SDS-polyacAy¿am¿dz ¿lab ge£ oi KodouteA-izgrmntmejmbKam fiHactioM. 
A l inear Polyacrylamide gradient (8-18% acrylamide) is used. Mem-
brane fract ions containing 0.55 nmol rhodopsin are washed three times in 
5 mM Tris-HCl buf fer , pH 7.4, 1 mM EDTA and 1 mM DTT at 0 0C, and co l -
lected by centr i fugati on (1С5 χ g, 1 h ) . Lane 1: in tact rod outer segments c o l ­
lected from sucrose density gradient (43 ug protein) ; lane 2: t o t a l outer seg-
mentmembranes (25 ug); ІапеЗ: plasma membrane f r a c t i o n (44 pg); lane 4: ex­
tracted proteins froma hypotonic wash of rod outer segments in Tris-EDTA buf­
fer (pH 8.4). The supernatant is col lected af ter centr i fugat ion of themembrane 
f r a c t i o n (105 x g , 1 h) (15yg); lane 5: disk membranes (44 yg). S: soluble pro­
teins from a hypotonic wash; M: membrane proteins; C : c i l i a r y proteins. 
mw 
1 2 3 4 5 6 
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There are a number of peripheral proteins present in plasma membrane prep­
arations, which are partially removed by washing the membranes in 5 mM 
Tris-HCl buffer (Fig 4.1, lane 4) and completely by washing in SOmMTris-
HCI buffer (pH 7.0-8.0) at 20 0C. These proteins have molecular weights 
of 88, 50, 48, 41, 37, 28 and 24 kD. In addition, all low molecular weight 
protein components (20 kD) are removed including a 20 kD comoonent (Fig 
mw 

























1 2 3 4 5 6 7 8 
Fig 4.2 SVS-potyacAytamtdz ¿lab gel oi Kod outeA i&Qmant {¡nactionb. 
A l inear Polyacrylamide gradient (10-15/Ó acrylamide) is applied. 
Membrane samples are washed in Tris-HCl buf fer , pH 7.4, of moderate ionic 
strength (50 mM) and solubi l ized in SDS at 0 0C in order to avoid d i - and 
tr imer izat ion of rhodopsin as much as possible. Lane 1: molecular weight 
ca l ibrat ion mixture (see Section 2.2.1) ; lane 2: disk membranes (35 yg) ; 
lane 4: plasma membrane preparation, EDTA-washed in 50 mM Tris-HCl buffer 
(pH 7.4) , 2 mM EDTA (39 yg); lane 5: plasma membrane preparationwashed in 
Tris buf fer , containing 5 mM MgC^ and 25 mM KCl (TMK-buffer) (48 yg) ; 
lane 6: membrane pe l le t ( 10 5 xg , 1 h) a f te r extract ion of to ta l ROS-mem-
branes washed with 1% Tri ton X-100 in TMK-buffer (80 yg) ; lane 7: c i l i a r y 
material separated from plasma membranes a f te r centr i fugat ion on a sucrose 
step gradient, col lected at the interface of 55 and 66% sucrose; (25 yg) ; 
lane 8: c i l i a r y f ract ion of lane 7 col lected from a continuous (25-66%), 
w/w) sucrose gradient; density ^1.25 g/ml (20 yg). 
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4.1, lane 4), which seems to be specifically associated to the plasma mem­
brane. 
Table. 4.5 PROTEIN COMPOSITION Of ROV OUTER SEGMENT FRACTIONS (appaAznt 
тоігса&ал uieAgkib ¿η kVcüitoni ) 
Nr assigned 

















































































































Rod outer segment proteins are numbered in decreasing order of apparent 
molecular weight. Major proteins are in italic, minor proteins are plac-
ed between parentheses. Arrows indicate proteins, which appear to be 
specific for the plasma membrane. 
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Plasma membranes, washed extensively in 50 mM Tris-HCl buffer (pH 7.4), 
1 mM EDTA, 1 mM DTT, contain proteins of 245, 226, 220, 165, 145, 125, 
110, 95, 80, 66, 55, 53, 48, 46 and 34 kD, in addition to rhodopsin (Fig 
4.2, lane 4 and Table 4.5). Similarly treated disk membranes contain 
rhodopsin as the predominant protein (36 kD; 93% of total membrane pro­
tein, partially migrating as a dimer; Fig 4.2, lane 3), and small amounts 
of proteins with apparent molecular weights of 220, 125, 66, 55, 53 and 
46 kD. 
Careful analysis of Coomassie blue-stained SDS-polyacrylamide gels 
leads to the conclusion that the proteins of 245, 226, 110, 48 and 34 kD 
seem to be specific for the plasma membrane, since they are not detect­
able in disk membrane preparations. Proteins of 125, 66, 55, 53 and 46 
kD occur in minor amounts in both disk and plasma membrane fractions, 
and appear to derive from ciliary material (Fig 4.2, lane 5 and Table 
4.5; ci Fleischman <U al, 1980). 
4.3.6. Removal ofa слЛлдлу matvUat 
Thin-section transmission electron microscopy of the plasma membrane 
preparations shows the presence of cilia, consisting of complete or frag­
mented axonemes (see Fig 3.2). These observations are confirmed by the 
detection of minor and variable amounts of proteins withmolecularweights 
of 125, 95, 66, 55, 53 and 46 kDa in the plasma membrane preparations 
(Fig 4.2), which have previously been detected in ciliary material. There­
fore, we have investigated whether these proteins could be removed by 
further fractionation of the plasma membranes on continuous (25-55%, w/w) 
or discontinuous sucrose gradients in the absence of detergent. In this 
way the plasma membrane fraction can be further divided in three sub-
fractions with densities of 1.16, 1.19 and ca 1.25 g/ml. Buoyant densi­
ties of the three subfractions have been determined by centri fugati on on 
25-66% (w/w) sucrose gradients (150.000 χ g, 16 h) at 4 0C (Table 4.6). 
Plasma membrane subfractions with densities "f 1.16 and 1.19 contain 
rhodopsin as the major protein. A third subfraction, having a density of 
1.25 g/ml and comprising 17 (w/w)% of the total protein, contains virtu­
ally no rhodopsin and hardly any membranes as indicated by the low phos­
pholipid content (0.18 umol P/mg protein. Table d.6). The docosahexaenoic 
(C22:6) acid content is exceptionally low (<3mol %). This suggest that 
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17 ± 2 


















0.7 ± 0 . 1 
0.18t0.03 
Phospholipid/proteins ratio are expressed as μΜ phosphate per mg protein. 
Average numbers of two experiments are given with SEM. SEM is calculated 
0.63 χ range according to the approximation method of D.L. Davies, E.S. 
Pearson (1934), J. Roy. Stat. Soc. Suppl. J., 76, 1934. 
Protein recovery of 1.16 and 1.19 fractions after sucrose gradient cen-
trifugation is 68-70%. 
this is a ciliary fraction. The subfractions of 1.16 and 1.19 strongly 
differ in their phospholipid/protein ratios (1.43 vi 0.7 micromole phos-
phate/mg protein). The 1.19 band contains protein components with appar­
ent molecular weights of 145, 125 and 95 kD (Fig 4.2, lane 5), which are 
most considered to be ciliary proteins. These proteins are nearly absent 
in the 1.16 band, as indicated by SDS-polyacrylamide gel electrophoresis. 
It does appear that the 1.16 band is the present plasma membrane fraction 
while the 1.19 band is contaminated with ciliary material. 
Ciliary structures can also be isolated from retinal rod outer seg­
ments by dissolving the membranes in 2% Triton X-100. Upon centrifuga-
tion (10 5xg, 1 h) a pellet fraction is obtained which consists of cili­
ary structures. This fraction comprises 1.15% (SEM: 0.11, n=3) of the 
total membrane protein and contains polypeptides with apparent molecular 
weights of 265, 230, 165, 145, 125, 95, 64, 62, 60, 55, 53, 46 and 34 
kDa (Table 4.5). 
Ciliary material, removed from plasma membranes without the use of 
detergents, shows as major components proteins of 66, 62, 60, 55, 53 
and 46 kD (Fig 4.1, lane 6 v¿ 7, 8), which co-migrate with ciliary pro-
teins present in the Triton X-100 pellet during SDS-gelelectrophoresis. 
These findings indicate that our plasma membrane preparations contain 
ciliary material. The major part can be separated from the plasma mem-
branes by sucrose gradient centrifugation. The relatively dense ciliary 
fraction (^  1.25 g/ml) consists of protein-rich structures, which con-
tain only minor amounts of phospholipids and very low amounts of poly-
unsaturated fatty acids. 
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4.4. OISCUSSION 
4.4.1. PuAÀJiy oí thz plcarna. membrane. ί>ιαο£ίοη 
From the activities of the marker enzymes (Na++K"1")-ATPase, S'-nucleo-
tidase and cytochrome С oxidase, we have concluded that there is little 
or no contamination by inner segment plasma membranes and mitochondria in 
our outer segment membrane fractions, including the plasma membrane (Sec­
tion 3.3.7). 
In view of the high percentage of disk membranes in the outer segments 
(ca 95% of total outer segment membranes), the principal question remain­
ing to be answered is the extent of contamination of the plasma membrane 
preparation by disk membranes. Since we know the contents of many chem­
ical components in disk membranes, plasma membranes and outer segment 
membranes, we can calculate for each comoonent its expected content in 
the whole outer segment and compare it with the determined content (Table 
4.7). In the absence of disk membrane contamination in the plasma mem­
brane preparations the differences between these values should be zero 
(reverse contamination should have no significant effect in view of the 
low percentage of plasma membrane). For the sign and size of the differ­
ences between the two values we can thus assess the degree of contamina­
tion of the plasma membrane fraction by disk membranes. We find an aver­
age difference of 0.3%, which is not significantly different from zero, 
suggesting only minor contamination of the plasma membrane fraction by 
disk membrane material. 
Another criterion can be derived from the standard errors in the rhod-
opsin contents in the membrane fractions obtained during the isolation 
procedure (plasma membrane: 50.7%, SEM: 0.7, 12 determinations; disk mem­
brane 93.2%, SEM: 0.6, 12 determinations; Table 3.2). In case of seri­
ous disk membrane contamination we would expect the standard error for 
the rhodopsin content of the plasma membranes to be much higher than that 
of the disk membranes. This is not the case, suggesting again that the 
degree of contamination must be minor. 
Electronmicrographs of thin sections of plasma membrane preparations 
(Fig 3.3) indicate that only minor amounts of disk-like material are pres­
ent. In conclusion, we estimate from these calculations and observations 
that disk membrane contamination in the plasma membrane preparation is 
blight. 
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rabie 4.7 COMPARISON OF MEASÜREP CHEMICAL COMPONENTS OF WHOLE OUTER 
SEGMENT MEMBRANES ANP CALCULATED VALUES FROM ISOLATED PISK 
ANP PLASMA MEMBRANE FRACTIONS 
whole outer segment uC-D % 
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Average 0.26% (SEM 1.6) 
Values under С are calculated as follows: C=0.054A + 0.946B, considering 
that the calculated percentage of plasma membrane surface area of total 
outer segment membrane surface area in bovine rods is 5.4%. 
*expected sign. 
Minor amounts of ciliary proteins are present in the plasma membrane 
preparations. Thus we have investigated whether ciliary material can be 
separated from the plasma membranes. Since protein analysis of the plas-
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ma membrane fractions reveals that ciliary proteins cannot be separated 
completely. The value of 17% for the ciliary fraction does not express 
real amounts of ciliary material in the plasma membrane preparation. This 
value might be too high because of low recovery (68-70%) of rhodopsin 
which belongs the separated fractions and the presence of low amounts of 
photoreceptor membranes in the ciliary fraction. Therefore, we conclude 
that ciliary material rather seems to be an inevitable part of the plas­
ma membrane preparation. 
4.4.2. Mocn di i іелепсед ЬеХи)е.гп pla&ma. and dUk mmbnawA 
Rhodopsin, guanylate cyclase activity, fatty acids (especially the un­
saturated ones), cholesterol and carbohydrates are unequally distributed 
between plasma membranes and disk membranes. The greatest differences are 
found for rhodopsin (51 ui 93%), guanylate cyclase activity (6.1 w 1.83 
units) and docosahexaenoic (C22:6) acid (27v4 43 mol % ) . The degreeof un-
saturation of the fatty acids in the plasma membrane is lower than in the 
disk membranes: 2.4 v¿ 3.1 double bonds per mol fatty acid. 
The cholesterol content of the plasma membrane fraction, expressed as 
μηιοί cholesterol/mg protein, is about the same (0.12 vi 0.11) as in the 
disk membrane. However, when expressed as molar ratio of cholesterol to 
phospholipid, the cholesterol content of the plasma membrane is slightly 
higher (0.092 ui 0.079 in the disk membrane), due to the lower phospo-
lipid/protein ratio. 
Carbohydrate analysis shows a significantly lower mannose content 
(1.26 v¿ 1.68), a nearly double galactose content (0.33 vi 0.19) and a 
higher galactosamine content (0.18 vi 0.1Q g/100 g protein) in the plas-
ma membrane as compared to the disk membrane. 
The presence of ciliary material in the plasma membrane is shown by 
electronmicroscopic pictures (Fig 3.3). The main components of ciliary 
material are proteins with apparent molecular weights of 125, 95, 64, 
62, 55, 53 and 46 kD (Table 4.5). Minor amounts of these proteins are 
present in the plasma membrane preparations as well as proteins of 165 
and 145 kDa, whose location is not clear. 
The contents of the phospholipids PE, PC and PS in the plasma mem-
brane do not seem to differ significantly from those in the disk membrane. 
However, preliminary experiments have indicated that the contents of PI 
and sphingomyelin are slightly higher in the plasma membranes than in 
the disk membranes. 
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4.4.3 . ChwiaiÎ скаласіелАлИсі oí the. puuma тетЬлапг 
Structural characterizat ion of the plasma membrane of the rod outer 
segment is one of the main aims of th is invest igat ion. Three proteins, 
speci f ic for the plasma membrane ν-ίζ 226 kD, 110 kD and 48 kD, have been 
detected, whereas three other proteins of 245 kD, 66 kD and 34 kD appear 
to be much more prevalent in the plasma membrane than in the disk mem­
branes. In i n t a c t outer segments three of these s ix prote ins, viz 226, 
110 and 66 kD components, can be iodinated from the e x t r a c e l l u l a r side 
(Clark and H a l l , 1982). One or more of these proteins could represent 
channel- or exchange-proteins, required for ion-specif ic conductance in 
the plasma membrane. The question whether there are signal polypeptides 
located in the plasma membrane, which provide recognit ion s i tes for the 
r e t i n a l pigment e p i t h e l i a l ce l ls i n the disk shedding process also re­
mains to be answered. 
4.5. SummaAy 
The plasma membrane preparation isolated by our technique has been 
characterized by means of various biochemical parameters. SDS-polyacryl-
amide gel electrophoresis shows the presence of s ix prote ins, which are 
absent from the disk membrane preparation and which have apparent molec­
ular weights of 245, 226, 110, 66, 48 and 20 kD. 
Enzymatic analysis reveals the presence of low a c t i v i t i e s of (Na+ + 
K+)-ATPase, S'-nucleotidase and cytochrome С oxidase, about equal to those 
i n the disk membrane. This indicates that there is l i t t l e contamination 
by inner segment plasma membrane and r.n'tochondria. The plasma membrane 
f r a c t i o n has a four times higher guanylate cyclase a c t i v i t y than the 
disk membranes. 
The plasma membranes have a lower content of rhodopsin and C22:6 f a t t y 
acid and a higher content of C16:0, C16:l, C18:0 and C18:l. 
Three arguments are adduced indicat ing that contamination of the plas­
ma membrane f r a c t i o n by disk membranes is low: 1. comparison of 15 chem­
ica l parameters f o r plasma membrane, disk membrane and i n t a c t outer seg­
ments; 2. electron-microscopic observations; 3. the standard errors f o r 
the rhodopsin contents in the various membrane preparations. 
Some contamination by c i l i a r y structure is present, as indicated by 
electron-microscopic observations and by the presence of minor amounts 
of proteins with apparent molecular weights of 125, 95, 66, 55, 53, 46 
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and 34 kD. These proteins can be partially removed from the plasma mem-




TOPOGRAPHS OF PHOSPHOMLATION REACTIONS IM ВОІ/ШЕ Ш OUTER SEGMENTS 
S.I. IWTROPUCTIOW 
There is considerable evidence that altered phosphorylation of membrane 
proteins may be an important biochemical mechanism for regulating mem­
brane-related events in nervous tissue (Greengard, 1976, 1978). In ad­
dition, light-sensitive phosphorylation of several proteins in the rod 
outer segment has been observed. Photoactivated rhodopsin catalyzes the 
exchange of GTP for GDP on a GTP-binding protein (Fungerai., 1980, 1981), 
before it undergoes multiple phosphorylation by a rhodopsin kinase 
(Wilden and Kühn, 1982). The GTP-binding complex activates a cyclic GMP 
specific phosphodiesterase resulting in a rapid decrease of the cyclic 
GMP levels. The drop in cyclic GMP probably affects protein kinase activ-
ity in the outer segment cytosol, since phosphorylation of several pro-
teins in this cytosol is cyclic nucleotide-dependent (Lee &t aJL, 1981; 
Fesenko and Orlov, 1980; Lee et al, 1982). 
In Chapter III we have described the isolation of a highly purified 
plasma membrane fraction from bovine rod outer segments, which contains 
several proteins in addition to rhodopsin (Chapter IV). At least two of 
these proteins can be iodinated from the extracellular space in intact 
outer segments (Clark and Hall, 1982). We wish to identify plasma mem-
brane proteins that are directly involved in the conductivity change of 
the plasma membrane during visual excitation. Study of such proteins is 
expected to provide further insight into the mechanism of visual excita-
tion. Such proteins could also be useful as markers for the plasma mem-
brane of the rod outer segment. 
In this context, it is important to know whether specific phosphoryla-
tion or dephosphorylation processes are detectable in the plasma membrane 
and whether factors like light, cyclic nucleotides or Ca 2 + affect these 
phosphorylations. Hence, we have investigated protein phosphorylation in 
isolated intact outer segments and in recombined systems. In the latter 
systems purified disk membranes or plasma membranes are recombined with 
the protein fraction released by hypotonic treatment of intact outer seg-
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merits. Phosphorylation is studied under various conditions: ATP and/or 
GTP as phosphate donors; effect of sodium, potassium and calcium ions and 
influences of cyclic nucleotides. We have observed a multiplicity of pro-
tein phosphorylations in the rod outer segment, some of which are light-
regulated and located in the plasma membrane. 
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5.2. MATERIALS ANP METHÖPS 
5.2.1. toutzOali 
Cyclic AMP and cyclic GMP were from Signa Chemical Co. (St. Louis, MO, 
USA); (γ-32Ρ)-ΑΤΡ (3000 Ci/nmol and ( Y - 3 2 P ) - G T P (25 Ci/mmol) in 50% eth­
anol from New England Nuclear (Boston, MA, USA); sodium duodecyl sulfate 
(SDS) from Pierce Biochemical Company (Rockford, IL, USA); acrylamide 
(electrophoresis grade) from Biorad (Richmond, CA, USA); N.N'-methyl-
ene bisacrylamide from Eastman Kodak (Rochester, NY, USA). Further, ana­
lytical grade chemicals were used throughout. 
The molecular weight standards used for Polyacrylamide gel electro­
phoresis are described in Section 2.2.1. 
5.2.2. Рлероллйсои o¿ nod оиігл ¿zgmnt тгтЬіапеА 
All isolations are performed at 0-5 0C in dim red light using a RG 665 
filter with 1% Τ cut-off at 659 nm. Intact bovine rod outer segments are 
isolated and purified on a continuous sucrose gradient of 23-36% (w/w), 
according to de Grip eX a¿ (1980). ROS membrane fractions, -i.e.. disk and 
plasma membrane fractions are isolated as previously described (see Chap-
ter III). 
The membrane fractions are stripped of soluble and loosely bound pro-
teins by suspension in a strongly hypotonic medium of 1 mM EDTA and 1 mM 
dithioerythritol adjusted with Tris to pH 8.1 at 0 0C, and passed several 
times through a 19 gauge needle (Wheeler and Bitensky, 1977). The ROS sus-
pension is kept on ice for 60 min (for optimal solubilization of cyto-
solic proteins) and centri fuged at 100,000 χ g, 60 min at 2 0C. Membrane 
fractions are washed twice in the same medium. 
5.2.3. ExtncLcitÌon o¿ ¿oZubZe. pioteÁn. klna&e. activity 
Freshly isolated outer segments are collected from the gradientas des-
cribed (de Grip et al, 1980). The pellets are resuspended in the hypoton-
ic medium described above (1 ml per 100 nmol rhodopsin) and centrifuged 
at 80.000 χ g for 30 min at 2 0C. The supernatant fraction is collected 
and filtered (0.2 mM Unipore TM filters; Biorad) to remove any remaining 
membranes. The filtrate contains about 1 mg/ml protein, as determined by 
a modified Lowry procedure with bovine serumalbumin as standard (Peterson, 
1977). The protein kinase activity of the filtrate strongly decreases 
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during storage at 4 0C for three days. Therefore, the f i l t r a t e is rapid­
ly adjusted to pH 7.4 with 2 M Tris-HCl buffer and 0.1 M MgCl2 ( f i n a l 
concentration of 50 mM Tr is) and i t is e i ther used w i t h i n 10 h or i t is 
quickly frozen on dry ice-ethanol, stored at -80 0C and used next day. 
5.2.4. Phoipho^yZcuUon -ίη νίϋιο 
Dark phosphorylation is performed i n dim red l i g h t at λ>650 nm with 
(γ-32Ρ)-ΑΤΡ (0.1-1.0 Ci/mmol) or ( Y - 3 2 P ) - G T P (0.25-2.5 Ci/mmol) as label­
led phosphate donor. The standard reaction mixture contains 50 mM T r i s -
HCl buffer (pH 7.4) , 5 mM МдСІг and dark adapted outer segment membrane 
f r a c t i o n (containing 0.6 nmoles rhodopsin, equivalent to 25 pg membrane 
protein) in a f i n a l volume of 50 μΐ. Membrane fract ions are usually sup­
plemented with 15 wg protein from the hyptonic wash supernatant, which 
contains most of the outer segment kinase a c t i v i t y . The mixtures are 
transferred to polycarbonate centrifuge tubes, pre-equi l ibrated for 10 
min in a water bath at 25 0 C. One or more of the fol lowing additions are 
made ( fur ther detai led in the legends of the f i g u r e s ) : 40-50 yM ATP and/ 
or GTP; 20-50 μΜ c y c l i c AMP and/or cyc l ic GMP; 0.2 mM EGTA, when calcium 
is absent from the medium. Ca2 +-concentrations between 10"9 and ΙΟ"3 M in 
the f i n a l medium are established means of a Ca2+-EGTA buffer system 
(Caldwell ztal, 1970). Unless otherwise s p e c i f i e d , a free calcium con­
centrat ion of 10"ц M is used. Low concentrations of ATP and GTP (< 100 μΜ) 
are used in the incubation mixture in order to obtain incorporation of a 
high speci f ic a c t i v i t y . This r e l a t i v e l y low level of triphosphate in com­
binat ion with a 10 min incubation period enables suitable detection and 
estimation of the 3 2P incorporation in rhodopsin and other proteins. 
Following the a d d i t i o n ( s ) , the reaction mixture is vortexed for 10 sec. 
Af ter 10 min incubation at 25 0C the reaction is stopped by addit ion of 
200 μΐ ice cold 10% CCI3COOH containing 10 mM ATP and 5 mM НзРОц. The pre­
c i p i t a t e d membranes are col lected by centr i fugat ion (10 min, 12.800xg), 
washed once with 0.5 ml volumes of 5% CCI3COOH, 5 mM H3PO1,, and collected 
by centr i fugat ion in 1.5 ml Eppendorf v i a l s . 
Light-regulated phosphorylation is investigated a f t e r p a r t i a l bleach­
ing of a membrane preparation by 25 sec i l luminat ion with orange l i g h t 
(>545nm) from a 75 W tungsten l i g h t bulb at a distance of 20 cm. This 
l i g h t bleaches about 22% of the rhodopsin o r i g i n a l l y present. Inmediately 
a f t e r bleaching (γ-32Ρ)-ΑΤΡ or ( Y - 3 2 P ) - G T P are added, the reaction mix-
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ture is vortexed for 10 sec and treated as described above for the dark 
samples. 
5.2.5. PolyacAy-tamide. gel elzvUiophoAuLt, • 
A discontinuous gel system modified after Laemmli (1970) is used. Lin­
ear Polyacrylamide gradient slab gels (0.8 mM thick) are prepared from a 
stock solution of 40X (w/v) acrylamide and 1.07% bisacrylamide. Unless 
otherwise specified, 8-18% acrylamideis used for the separating gradient 
gel and 4% for the stacking gel. The percentage of sodium dodecylsulfate 
(SDS) in the slab gel is increased to 0.2% (w/v). A mixture of soluble 
proteins of known molecular weight is used as molecular weight markers. 
Outer segment membrane samples, containing 40-50 yg protein, are resus-
pended in 20 μΐ water at room temperature and are sol ubi li zed at 0 0C by 
addition of a solution containing 10% 2-mercaptoethanol, 100 mM Tris-HCl 
buffer (pH 6.8), 4% SDS, 20% glycerol and 0.01% bromophenol blue. Gels 
are run at 15 mA for 6 h at room temperature. They are then fixed for 
2 h in isopropanol/acetic acid/water (25:10:65) and stained with Coomas-
sie blue. After destaining, the slab gels are dried as described by Berns 
it al (1974). For autoradiography gels are placed on X-ray film (Kodak 
Royal X-0mat AR) and exposed for 10-14 days at -70 0C. 
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5.3. RESULTS 
5.3.1. Recombcned оиіел ігдтгпі ркгралл іопь 
Intact outer segment preparations have been compared with a recombin-
ed system consisting of washed membranes and cytosol ic proteins in ap­
proximately the same r a t i o as present in the outer segment, prepared by 
addit ion of a hypotonically extracted soluble protein f r a c t i o n , up to 25 
yg of protein per nmol rhodopsin. In general, we f i n d that both systems 
y i e l d s imi lar phosphorylation patterns (Fig 5.1a), but the incorporation 
F-tg 5. Ια СотраллАоп oi ρκοίζληphp&phoiijlaJxon patteAni οξ ¿ntaatauteA icg-
mtvitb ¿inky to ¿mauLL тоігсііігл and o^ wooded оиіеліе.дте.пХ. ттЬшпгл 
A.e.comb¿n&diÁ!Íth α cytoiol ¡{ллс-
mw 
, -з f x i o 
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tlon. Intact rod outer segments 
(a,b) and recombined membrane 
system (c,d) all containing 0.6 
nmol rhodopsin, are phosphorylated 
immediately after a 22% rhod­
opsin bleach by addition of 
10-4
 M 32p. A T P (30 Ci/mmol) 
and are further processed as 
described in Section 5.2.4. 
a-d: Coomassie blue pattern; 
a'-d1: corresponding autora­
di ogram. Experimental condi­
tions are tabulated below the 





0.2 Ca 2 + 
0.2 EGTA 
+ - + -
+ - + -
+ - + 
+ - + -
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level in the recombined systems is s i g n i f i c a n t l y lower as shown by densi-
tograms of 3 2 P-label led out segment proteins (Fig 5.1b). Comparison of 
MW ' ' • • ' ' ' ' Д } \ 
(X10 3 ) 1 0 | 3 l 8 2 1 2 4 3 8 5 6 6 e l l 0 l 2 5 2 2 6 2 4 5 
Fig 5.1b Dzvibltogaam oi Іапел a'-d'. No speci f ic protein phosphoryla­
t i o n has disappeared in the recombined system. 
the l ight-st imulated ATP-dependent protein phosphorylation in i n t a c t ou­
t e r segments and in recombined systems shows a ' restorat ion ' of the rhod-
opsin kinase a c t i v i t y of up to 60%. Phosphorylation of the 245, 226, 125, 
110 and 20 kD membrane proteins takes place to both systems, but is some­
what decreased in the recombined system (Figs 5.1a and 5.1b). 
The use of a recombined system thus appears to be j u s t i f i e d and i t has 
therefore been applied to the isolated p u r i f i e d membrane f r a c t i o n s . How­
ever, because of t h e i r higher responsiveness intact outer segments have 
been used to study the effects of various experimental condit ions. The 
fol lowing experimental variables have been investigated with i n t a c t outer 
segments for t h e i r a f f e c t on protein phosphorylation: 
- dependence on cycl ic nucleotides ( c y c l i c AMP and/or cycl ic GMP) 
- influence of several cations (Na+, K+, Ca2 +) 
- l i g h t dependence. 
The phosphorylation patterns of kinase-depleted outer segment membrane 
fractions are shown in Fig 5.2. The extraction procedure evidently does 
not completely remove rhodopsin kinase activity as is shown by the low 
incorporation of phosphate in illuminated, washed disk and plasma mem­
brane fractions. Based on rhodopsin phosphorylation, weestimate fromdensi-
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mw 
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F-tg 5.2 CumpanÁionuÍphoiphoKyíoJxonpattzh.n¿ uk№<iomb¿ntdmmb№nziyitm, 
klnabz-dzptztzd dibk ттЬыпел апакАпіиг-агрІгігарІалтаттЬплпи. 
Washed outer segment membranes (a-d), containing 0.5 nmol rhodopsin, are recom-
binedwith ^ u g c y t o s o l prote in. After i l l u m i n a t i o n , phosphorylation is i n i t i ­
ated by addit ion of ID-1* M 32P-ATP (5 Ci/mmol ) and carried out under the standard 
conditions described in Section 5.2.4. Washed disk membranes (e-h) and washed 
plasma membranes ( i - k ) are incubated under the same condit ions, but without ad­
d i t i o n of cytosol protein. Other experimental conditions are given under the 
Figure, a-k: Coomassieblue pattern; a'-k' : autoradiogram. The lowMW bands (^6 
kD) in lanes i ' - j ' are occasionally observed and as yet of unclear o r i g i n . 
tograms that up to 26% of the rhodopsin kinase a c t i v i t y is retained in 
hypotonically washed outer segment membrane f r a c t i o n s . The kinase act iv­
i t y apparently remains associated with the membranes in agreement with 
other reports (Kühn, 1978). In pur i f ied disk and plasma membrane f rac-
tions the rhodopsin kinase ac t i v i t y is less than 20% of the amount o r ig -
ina l l y present in recombined outer segment membrane systems (Fig 5.2). 
No i n t r i ns i c membrane-kinase ac t i v i t y is detected in extensively washed 
outer segment membranes. 
The presence of endogenous protein kinase a c t i v i t y in hypotonic wash 
fract ions is shown in Figs 5.3a and 5.3b. In th is protein f ract ion we a l -




Tig 5.3a. (Upper) Phoiphoi-
yLation pauttzfin 
oi Kod OLutoA ¿zgm&nt cy-
to&ot. 
Coomassie blue-stained 
pattern (a,b) and auto-
radiogram (a ' - b ' ) of cy-
tosol ic proteins from a 
hypotonic wash f r ac t i on , 
phosphorylated under 
standard conditions with 
IQ-h
 M 32p_GTp a s p h o s_ 
phate donor. 
fig 5.3b (Under) Vzniito-
gnami 0(5 tamA 
a' and b'. Phosphoryla-
tion patterns are not af-
fected by light. Since 
lane a shows higher in-
corporation, its densito-
gram has been scaled down 
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and 32 kD, and th is reaction is independent of l i g h t . These protein 
species also appear in the in tact and recombined systems (Fig 5.1a). In 
addi t ion, several other soluble prote ins, which can be phosphorylated, 
have been detected in isolated outer segments (see next sect ion). Their 
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phosphorylation is independent of l i g h t in the absence of photoreceptor 
membranes (Figs 5.3a and 5.3b), but appears to be l ight-regulated in the 
presence of photoreceptor membranes (Figs 5.4a and 5.4b). 
m w
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Fig 5.4а. Erteti о^ ciatloni on tight-άζρζηάιιηΖ ptLuteAnphoiphofiylationin 
h.od оиігл ie.gme.nti, with GTP ал pho&phate. donan.. 
a. Coomassie blue-stained pattern (a-f) and autoradiogram ( a ' - f ' ) of rod 
outer segments (lanes a-d; 35 \ig protein) and cytosol protein f rac­
tions (lanes a and f ; 15 ug p r o t e i n ) . Dark-adapted (lanes a '-d') and i l ­
luminated outer segments (lanes a"-d"). Incubation is carried out under 
standard conditions in the presence of 5 χ ΙΟ"5 M cAMP and 1.5 χ ΙΟ"6 M 
32P-GTP (0.25 Ci/mmol). Phosphorylated proteins of ROS membranes and 
soluble fractions are indicated by arrows. 
A l l results presented have been consistently observed in at least three 
experiments. 3 2 P-incorporation in i n t a c t outer segments, measured by 
l i q u i d s c i n t i l l a t i o n counting a f t e r TCA-precipitation, is nearly maximal 
a f t e r a 10 min incubation time. A steady state is reached wi th in 5 min. 
-100-
5.3.2. Phoiphoitjubtion о^ cytoiolic pKatzlru, Ы ¿iolatíd, ¿ntavt оиіел 
izgmzrvti 
Evidently the hypotonic wash supernatant from rod outer segments con­
tains endogenous protein kinase act iv i ty. So far at least three kinases, 
two of which are cyclic nucleotide-dependent, have been described (Lee e i 
at, 1981, 1982). Soluble proteins of 68, 66, 56 and 32 kD are phosphor-
ylated in a light-independent manner by ATP as well as by GTP (Figs 5.3a 
and 5.3b; Fig 5a, lane a'; Fig 8). 
ілпгл a'-d' and 
a."-d'\ 
MW ι ι ι 





 \ k ^ 
\ duaer tr imer 
56 66 68 
The light-stimulated phosphorylation of a protein of 46 kD is only seen 
in the presence of photoreceptor membranes. The same holds for the phos­
phorylation of proteins of 25, 22, 18, 13 and 10 kD (Fig 5.4a). The main 
phosphorylated soluble proteins are summarized in Table 5.1 
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68 ± 1 
66 ± 1 
56 ±2 
46 ± 1 
32 ± 1 
25 ± 1 
none light- and 
Ca2+ (>W4 M), 
with GTP as P-donor 
light Ca 2 + (>10-4 M ) , 
Na +, K+ 
cAMP >cGMP Ca2 + (>10"6 M), 
l i g h t 
cAMP, cGMP 
cAMP >cGMP Ca2 + (>10"6 Μ), 
c y c l . nucleotide-independent 
GTP > ATP 
l i g h t i n h i b i t i o n (GTP) 
cycl. nucleotide-independent 
GTP ATP 
l i g h t st imulat ion (GTP) 
c y c l . nucleotide-dependent 
GTP/ATP 
no light effect 
cycl. nucleotide-dependent 
ATP GTP 
l i g h t st imulat ion 
c y c l . nucleotide-dependent 
strong C a 2 + - i n h i b i t i o n 
l i g h t inh ib i t ion? 
Ca2 + ^КГ1* M) 
Fig 5.4a shows light-dependent phosphorylation reactions of the proteins 
present in intact outer segments by GTP as phosphate donor. Phosphate 
incorporation into the 68 kD protein is about five times higher in dark­
ness than in light, whereas 32P-incorporation of the 66 kD protein is a-
bout two times higher in light than in darkness, as shown by the densi-
tograms (Fig 5.4b). The light-affected phosphorylations of the 68 and 66 
kD proteins are only detectable in intact ROS, but are less evident in 
recombined systems. Phosphorylation of the 56 and 32 kD protein compo­
nents is stimulated by cyclic nucleotides (Fig 5.6). 
The nucleotide-stimulated phosphorylation of the 32 kD protein, which 
is higher in darkness than in light, has previously been reported (Lolley 
zt a l , 1977). Phosphorylation of this protein is strongly inhibited by 
free Ca 2 + in concentrations above ΙΟ - 6 M (Fig 5.8, lane g'; Fig 5.5a, 
lane c'; Fig 5.5b, lane c 1 ) : at 10"9 M Ca 2 + we observe strong phosphor­
ylation of this protein in dark-adapted rod outer segments, which is in­
dependent of added cyclic nucleotides (results not shown). At 10"6 M Ca 2 + 
its phosphorylation level is markedly decreased compared to that at IO"9 M. 
A higher Ca 2 + concentration (IO"1* M) further inhibits the phosphorylation 
of this 32 kD protein, both in recombined outer segment fractions without 
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pattern (b-e) and autoradio-
grams (b ' -e ' ) of outer segments 
incubatedwith 8xlO"5M 32p-ATP 
(23Ci/mmol) under varous exper-
imental conditions (given under 
Fi gure). Lane a presents cyto-
sol proteins incubated under the 
described condi t ion, k GTP- and 
KTV-dtp&nd&wt phoipho'iylaXA.on 
¿n dafik-adapted OLiteAizgrntnti 
in the. pfLtbenze o i both nucleo-
tide txlphoiphatu. Coomassie 
blue pattern (b - i ) and autoradio-
gram ( b ' - i ' ) . Dark-adapted outer 
segments incubatedwith 32P-GTP 
(17.9 Ci/mmol, 0.98 μΜ) together 
with uni abel led ATP ( f i n a l con­
centration 8x10"5 M; b ' - e ' ) . 
I b i d , incubatedwith 32P-ATP 
(23.5Ci/mmol, 0.15μΜ), together 
with unlabelled GTP f i n a l con­
centration SxlO-5 M; f ' - i " ) . 









0.02 CAMP + 
0.02 cGMP -
0 . 1 C a 2 + -
1.0 EGTA + 
GTFVATP 
- + - -
+ - + + 
-103-
226 245 
M W I I I I I 




110 125 226 245 
•104-
¥¿g 5.6 Ph.o¿ph.oJiy¿atÍon pcutteAn o i iZhuniruitid out&n. ύ eg-
mzrvti in tíie. ріелелсг oí both ATP and GTP. Iso-
lated outer segments are incubated as described under 
Fig 5.5b. Concentration of both ATP and GTP = 75 yM. 
Af tera 5% rhodopsin bleach the phosphorylation is started 
by the addit ion of both nucleoside triphosphates. Scans 
b ' - e ' : 32ATP (15 Ci/mmol) and unlabelled GTP; scans f ' -
i ' : 32P-GTP (13 Ci/mmol) and unlabelled ATP. 
Arrows indicate plasma membrane proteins. 
c y c l i c nucleotides (Fig 5.8, lane g') and in i n t a c t permeable outer seg­
ments at low cycl ic nucleotide levels ( Ю - 7 M; Ц Fig 5.5a, l a n e c ' ) . In 
dark-adapted recombined systems addit ion of c y c l i c AMP stimulates phos­
phorylation of the 32 kD species at low Ca 2 + -concentrat ion( IO - 9 M). Hence, 
in i n t a c t outer segments the endogenous levels of cycl ic nucleotides 
might already be s u f f i c i e n t for maximal s t imulat ion. Enhanced Ca2+-con-
centrations (>10"6 M) suppress th is cyc l ic nucleotide e f f e c t , both in i n ­
tact outer segments and recombined systems. 
Phosphorylation of several smaller soluble proteins of 25, 22 and 18 
kD (Fig 5.1a, lane a' and b ' ; Fig 5.4, lane a"-d") seems to depend on 
the presence of i l luminated membranes, but is rather independent of cy­
c l i c nucleotides. The phosphorylation of the 13 and 10 kD proteins seems 
to be stimulated by l i g h t (Fig 5.4a). 
5.3.3. ?ho¿phoA.yuit¿on oí tiliodopi-ίη 
Our results confirm e a r l i e r reports (Shichi and Somers, 1978; Polans 
&t at, 1979; Hermolin et al, 1982) that phosphorylation of photo-activ­
ated rhodopsin with e i ther ATP or GTP as phosphate donor is cycl ic nu­
cí eotide-independent (Fig 5.1a and Fig 5.6). The presence of sodium (115 
mM) and/or potassium (2.5 mM) inh ib i ts phosphorylation of i l luminated 
rhodopsin by GTP up to 30% (Fig 5.4a, lane a" -b" ) . These conditions also inh ib-
i t rhodopsin phosphorylation by GTP in dark-adapted membranes (Fig 5.4a, lane 
a' ,b ' and Fig 5.4b. Light-st imulated rhodopsin phosphorylation by ATP is some-
what less (max. 20%) inh ib i ted by sodium and potassium (Fig 5.8, lane e ' ) . 
In i l luminated in tac t outer segments rhodopsin phosphorylation with 
e i ther ATP or GTP as phosphate donor is only s l i g h t l y inh ib i ted by Ca2+ 
(Fig 5.1a, lane b ' ; Fig 5.8, lane b' v4 Fig 5.4a, lane c ' ; Fig 5.8, lane 
e ' ) , but in dark-adapted membrane fract ions i t is more strongly i n h i b i t -
ed by ΙΟ"1* M Ca2 + (Fig 5.5a, lane c ' ; Fig 5.4a, lane c 1 ) . On the other 
hand, rhodopsin phosphorylation by ( Y - 3 2 P ) - G T P in the presence of cold 
ATP appears to be stimulated by Ca 2 + , while the reverse is true when ATP 
is the phosphate donor (Fig 5.5b, lane g 1 ) . 
The effects of cyc l ic nucleotides on rhodopsin phosphorylation has a l ­
so been studied. Isolated dark-adapted outer segments have beenused.and 
also outer segments isolated from retinas incubated wi th 32P-P0i4 (Section 
6.3.4). Phosphate incorporation in the ret ina is low (^0.05) compared to 
that achieved in photo-activated rhodopsin during the same incubation 
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time. Phosphorylation of rhodopsin is strongly inhibited by cAMP, where­
as cGMP has hardly any influence (Fig 5.5a, lane e'; Fig 5.5b, lanes e', 
i'). ATP-dependent phosphorylation of illuminated rhodopsin is not in­
fluenced by low concentrations of cyclic nucleotides but is inhibited to 
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¥¿2 5.7 ЕЦгсЛь o¡5 cAMP pho-bphoAylation o^ liluminatzd Khodopbin. 
Phosphate incorporation into rhodopsin* is measured in time af ter 
a 20% bleach by densitometry of opsin bands on autoradiograms. For incuba-
t ion two d i f fe rent buffer systems have been applied, viz 50 mM Tris-HCl 
and 100 mM sodium phosphate buffers (pH 7.4) , both containing 5 mM МдСІг 
(rhodopsin concentration: 5 μΜ). The reaction is started by addit ion of 
0.15 mM 32P-ATP to isolated outer segments resuspended in one of the a-
bove buffers at 22 0C. Relative levels of phosphate incorporation are 
plotted against time (min). 
In 50 mM Tris-HCl buf fer , pH 7.4, 5 mM МдСІг, 0.15 m 32P-ATP, phosphate 
incorporation into i l luminated rhodopsin is almost maximal under our ex­
perimental conditions (10 min incubation). When the incubation t iméis ex-
tended, we observe neither a large increase in phosphate incorporation 
nor dephosphorylation. Thus, a f ter 10-15 min a steady state has been reach-
ed. However, in 100 mM phosphate buffer (pH 7.4) there is a steady i n -
crease in phosphorylation of rhodopsin in the absence of cAMP. 
5.3.4. VhoiphoKyZation od otiizA mzmbnanz pioteÁM 
I l luminated outer segment membrane fract ions show incorporation of 
phosphate in two high molecular weight membrane proteins of 245 and 226 
kD (Fig 5.6). The 226 kD protein is d i s t i nc t from the 230 kD protein ear-
-107-
Tier reported (Papermaster eX al, 1978) and has recently been i d e n t i f i e d 
as a plasma membrane protein (Clark and H a l l , 1982; ci Fig 5.2, lane e-h 
vi i - k ) . Although the 245 kD protein is enriched in the plasma membrane 
fract ions (Fig 5.2, lanes i - k ) , i t remains to be established whether i t 
is unique for the plasma membrane. Two other membrane proteins of 125 and 
110 kD are more extensively label led by ATP than by GTP, both in dark-
adapted and i l luminated membranes (Figs 5.5, 5.6, 5.8 and 5.9). 
mw 
GTP* ATP* СТР*АТ^ 
m % 
T¿g 5.8 Phoiphoiylation ¿η ilùminatzd ои£гл ігдтгпі тгтЬплпг {¡Kactíoru 
by GTP oí ATP. 
Plasma membranes recombined with a cytosol protein f ract ion (e- f ) and 
washed to ta l outer segment membranes recombined with the same cytosol 
proteins (g-h) are p a r t i a l l y bleached (5% of the rhodopsin present) and 
incubated under standard conditions in the presence of 2xl0-5McAMP with 
25 χ ΙΟ"6 M 32P-GTP or 32P-ATP. Lane d shows the cytosol proteins added; 
lanes d-h: Coomassie blue pattern; e ' - h ' : autoradiogram. 
-108-
The 110 kD species is a plasma membrane protein (Clark and H a l l , 1982). 
A 50 kD p r o t e i n , also i d e n t i f i e d as a plasma membrane protein (Fig 5.2, 
lane i-k and Fig 5.8), is more strongly labelled by GTP than by ATP in 
i l luminated membranes (Fig 5.6, lane g ' ; Fig 5.8, lanes f ' - i ' ) . F i n a l l y , 
a 20 kD protein is labelled by both ATP and GTP, and i t s phosphorylation 
is light-dependent. This species, which is hardly detectable on Coomassie 
blue-stained gels, also appears t o be a plasma membrane protein (Fig 5.6, 
mw 
( x ^ a b c d e a 'b'c 'd 'e ' f g h . . f ' g ' h Y r 
2 3 0 -
ж ' -f-t¿mi д,
 m_ [i














- - - + 
- + - + 
- - + + 
+ - - -
- + + + 
- - + 
+ - + 
- + + 
F-cg 5.9 ATP and GTP-dtp&ndtnt phosphorylation in a. fi&comblnad ріалта mem-
Ьлдие inacuLion (¡оЫошіпд Wiumlnaution·· Coomassie blue pattern 
(lanes a-j) and autoradiogram (lanes a ' - j ' ) of i l luminated plasma mem­
brane f r a c t i o n s , phosphorylated with e i ther IO"1· M 32P-ATP (3 Ci/mmol; 
lanes a'-e') or Ю - 4 M 32P-GTP (0.2 Ci/mmol; lanes f ' - j ' ) . Further ad­
dit ions are l i s t e d in the tablebelow the Figure. Note that ATP-phosphor-
y l a t i o n of rhodopsin in the plasma membrane f ract ion is moderately i n ­
fluenced by changing cationic conditions (lanes a ' - e ' ) , whereas phosphor­
y l a t i o n by GTP is strongly inh ib i ted by sodium and potassium (lane j ' ) 
and by calcium (lane g ' ) . Low level of r a d i o a c t i v i t y in f ' - j ' is due to 
low specif ic a c t i v i t y of 32P-GTP. 
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lane e', f ) . These putative plasma membrane proteins can be clearly 
identified in a densitogram of intact outer segments (Fig 5.6). which 
have been phosphorylated after illumination in the presence of both ATP 
and GTP (75 uM each; only one of them labelled). 
Table 5.2 compiles the information obtained for the phosphorylated 
outer segment membrane proteins. 
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5.4.1. бгпелаі алр&сЛі 
The involvement of phosphorylation reactions in visual excitation and 
adaptation in rod outer segments has been suggested, and some detailed 
reports of selected phosphorylation processes have already appeared 
(Polans ei al, 1979; Hermolin at al, 1982). Therefore, there was a need 
for a systematic study of all phosphorylation reactions taking place in 
rod outer segments and of their regulation. Our ability to separate plasma 
membranes, disk membranes and cytosol has enabled us to locate the vari­
ous phosphorylating proteins in these outer segment compartments. We have 
paid special attention to the proteins in the plasma membrane because of 
their possible involvement in the visual transduction mechanism. 
We have studied the effects of various conditions, which may affect 
the electrical parameters of the rod cell: levels of Ca 2 + and cyclic GMP, 
presence of PDE and kinase inhibitors and ionophores, effects of light. 
In this way we hope to correlate the electrical events at the plasma mem­
brane to the phosphorylation and dephosphorylation processes in the rod 
outer segment. 
In particular, we have studied the following points: 
- what is the overall phosphorylation pattern in intact outer segments? 
- which phosphorylation reactions occur only on cytosolic proteins? 
- do washed membranes contain any intrinsic kinase activities? 
- can any phosphorylatable membrane proteins be specifically assigned to 
either the plasma membrane or the disk membrane? 
- how do light, calcium and cyclic nucleotides effect the above phospho­
rylations? 
The first point has been studied in outer segments that are leaky to 
small molecules so they are permeable to ATP and GTP while largely re­
taining their native protein constituents. 
For the fourth point we utilize 'recombination' of washed isolated 
membrane fractions with cytosolic proteins. Intact rod outer segments, 
leaky to small molecules, are used as a control to determine whether the 
recombination procedure impairs any specific kinase activities. 
The process of outer segment isolation does not seem to affect the 
protein phosphorylation pattern. Comparison of these patterns in whole 
retina and in rod outer segments does not show significant differences 
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(see Section 6.3.4). S i m i l a r l y , we f i n d considerable agreement between 
the phosphorylation patterns of i n t a c t outer segments and a t o t a l outer 
segment membrane preparation recombined with cytosol (Figs 5.1a and 5.8, 
Tables 5.1 and 5.2). Thus, the dominant features of a l l patterns obtain­
ed are very s imi lar {Ц Figs 5.1a and 5.6, Tables 5.1 and 5.2). This i n ­
dicates that there is no select ive loss of any phosphorylation pathway 
upon i s o l a t i o n and recombination. Some sal ient features are discussed i n 
the next sections. 
5.4.2. PhoiphoiyltUlon o& fihodopiin -in tight and dank 
Light absorption by rhodopsin results in a conformational change of 
the molecule, which is followed by mult ip le phosphorylation of serine 
and threonine residues near the carboxyl terminus (Kühn and McDowell, 
1977). An opsin-specif ic kinase has been described, which can u t i l i z e 
both ATP and GTP as a phosphate donor {Cbaderztal, 1976; W e l l e r z t a l , 
1975). 
Our observations indicate that in addit ion to the well-establ ished 
phosphorylation of i l luminated rhodopsin, dark-phosphorylation of rhod-
opsin may take place although at a much lower rate (»2%). Dark-phosphory-
la t i on of rhodopsin is supported by both ATP and GTP. In the presenceof one 
of these nucleotides phosphorylation is 30% inh ib i tedby Ca2 + (0.1 mM), but 
when both are present GTP-supported phosphorylation is stimulated by Ca2+. 
In calcium-free media the ATP-supported rhodopsin phosphorylation in the 
presence of GTP is much higher than GTP-supported phosphorylation in the 
presenceof ATP. In the presence of 0.1 mMfree Ca2+ these effects are reversed. 
In contrast,phosphorylation of i l luminated rhodopsin by ATP and GTP is on-
ly s l i g h t l y inh ib i ted (<10%) by O.lmM Ca2"1", as previously reported for frog 
opsin by Hermol ineXaZ (1982). ATP-dependent phosphorylation of i l luminated 
rhodopsin is stimulated by GTP and vice, vzn&a. I t thus appears that in dark-
ness, in the presence of both ATP and GTP, calcium induces speci f ic phos-
phorylation by GTP, but fol lowing i l luminat ion th is Ca2+-modulation is a-
bolished and the nucleotide spec i f i c i t y is reversed. 
Since we do not observe d i rect competition of both phosphate donors 
wi th phosphorylation of i l luminated rhodopsin, d i f fe ren t nucleotide-spec-
i f i c phosphorylation si tes seem to be involved, as previously suggested 
(Wilden and Kühn, 1982). I t is s t i l l uncertain whether d i f fe ren t ATP-
spe ic i f i c and GTP-specific phosphorylation si tes ex is t on rhodopsin. I f 
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so, one could speculate that a ( transient) GTP-dependent phosphorylation 
could very e f f i c i e n t l y reduce the a b i l i t y of rhodopsin act ivate the phos-
phodiesterase upon i l luminat ion. 
Act ivat ion of the phosphodiesterase by i l luminated rhodopsin is inh ib-
i ted by phosphorylation of speci f ic s i tes in the C-terminal region of 
opsin (Liebman and Pugh, 1980). However, photoactivated rhodopsin s t i l l 
retains i t s a b i l i t y to act ivate the cGMP-dependent phosphodiesterase af-
ter removal of most of the C-terminal phosphorylation si tes (E.A. Dratz, 
personal communication). Hence, the region of rhodopsin responsible for 
light-dependent G-protein act ivat ion appears to be located in another 
part of the molecule exposed to the external surface of the diskmembrane 
(Kühnand Hargrave, 1981). In th is case the interact ion of G-protein with 
opsin could be prevented by previous GTP-supported phosphorylation of 
rhodopsin. However, the occurrence of such a dark, Ca2+-dependent GTP-
supported phosphorylation at specif ic rhodopsin si tes remains to be es-
tabl ished. 
Light-dependent phosphorylation of rhodopsin is mediated by an rhod-
opsin-specif ic kinase, for which molecular weights ranging from 54 to 
68 kDa have been reported (Kühn, 1978; Shichi and Somers, 1978; Lee e i 
al, 1982). We have detected dark-phosphorylation of three soluble pro-
teins in th is Mw range. The phosphorylation of the 68 kDa protein is i n -
hibi ted by i l luminat ion , that of the 66 kDa protein is stimulated by i l -
lumination, and that of the 56 kDa protein is light-independent by cyc l ic 
nucleotide-dependent (Table 5.1). The phosphorylation pattern of the 68 
kDa protein seem to be simi lar to that of a 68 kDa component reported by 
Lee zt CL¿ (1982). I f one of these three proteins proves to be ident ical 
to the rhodopsin kinase, light-mediated (de)phosphorylation of the rhod-
opsin kinase might present another regulatory mechanism during l i g h t or 
dark adaptation. 
5.4.3. CycZic. nacZe.otide.-dzpzndznt pho&phaia&z activity 
The lowering of the level on rhodopsin phosphorylation by cAMPandcGMP 
suggests the presence of a phosphatase in rod outer segment membranes. 
ATP-dependent phosphorylation of photo-activated rhodopsin (rhodopsin*) 
can be strongly inhib i ted (40-50%) by cycl ic nucleotides in 1 mM concen-
t r a t i o n , while 20-50 μΜ concentrations have no e f f e c t . Both nucleotides 
can serve as a substrate f o r l ight-act ivated phosphodiesterase. The f o r -
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mation of 5'-nucleotides by the PDE could partially inhibit phosphoryla­
tion of rhodopsin*. Thus, rhodopsin* phosphorylation can be suppressed 
under conditions in which the PDE is stimulated. In contrast, phosphory­
lation of rhodopsin in dark-adapted membranes is already strongly inhib­
ited (^70%) at 20 μΜ cAMP in the presence of both ATP and GTP. 
Since the rhodopsin kinase seems to be independent of cyclic nucleo­
tides (Kühn and Dreyer, 1972; Weiler e¿ at, 1975; Farber e¿ al, 1979), 
the direct effect of cAMP and cGMP on rhodopsin* phosphorylation in il-
luminated membranes can only be due to 5'-AMP or 5'-GMP, produced by the 
light-activated phosphodiesterase. The strongly inhibiting effect of cy-
clic nucleotides on rhodopsin phosphorylation both in light and dark, 
taken together with the enhanced phosphate incorporation into rhodopsin* 
in the presence of phosphate ions, strongly suggests the presence of a 
phasphatase in rod outer segment membranes. Phosphate ions partially in-
hibit phosphatase activity in the absence of cyclic nucleotides, which 
results in a net increase in phosphorylation level, and no steady state 
develops. In the presence of cyclic nucleotides phosphatase activity ap-
pears to be stimulated, resulting in a lower level of phosphatase incorp-
oration into rhodopsin. Ca 2 + does not seem to influence the phosphatase 
activity, and thus probably interferes directly in the phosphorylation 
pathway. 
5.4.4. Poii¿b¿z ntQuZatoiy pcuthwayi 
Protein phosphorylation appears to play a role in the regulation of 
various cellular functions, e.g. in brain andmuscle (Greengard, 1978). In the 
cytosol of the retinal rod photoreceptor the rate of protein phosphorylation 
appears to be regulated by light, cGMP and Ca2+. Both cyclic nucleotide-depend-
ent kinase (CPK) and cyclic nucleotide-independent kinase (CIPK) activity 
have been observed. The latter activity may be directly regulated by light. 
Proteins with apparent molecular weights of 56 and 32 kD appear to be sub-
strates for CPK's. Furthermore, the phosphorylation of these protein spec-
ies is inhibited by Ca2+. This inhibitory effect appears to be lost upon 
aging or manupilation of the outer segment preparations, since it is hard-
ly detectable in recombined outer segment preparations. In addition, 
changes in Ca2+-level can profoundly alter both the CPK and CIPK activi-
ties. Thus, changes in Ca 2 + and cGMP levels in response to light, could 
change the phosphorylation state of cytosolic proteins. This, in turn, 
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might modulate both membrane potential and response amplitudes, as has 
been observed in synaptic membranes of other systems (Agnew et at, 1981; 
Nakanyama at at, 1982). 
One would l i ke to relate the light-mediated permeability changes in 
the outer segment plasma membrane to a phosphorylation-dephosphorylation 
cycle of a membrane protein. Such a conductor-protein, ¿.г. a channel-
or an exchange-protein, would have to s a t i s f y two condit ions: 
1. i t would have to be located in the plasma membrane 
2. i t s phosphorylation would have to be light-dependent. 
We have found two proteins which s a t i s f y these two c r i t e r i a , one of 50 
and one of 20 kD. Ion channels or ion-translocating proteins are usually 
composed of multi-subunit complexes of high-molecular weight proteins with 
smaller regulatory protein subunits (Agnew e£ a£, 1981; Nakayama eZ at, 
1982). Hence, the 50 or 20 kD proteins, i f part of such a system, would 
probably represent a regulatory subunit, the phosphorylation of which 
would regulate the properties of the ent i re system. Phosphorylation of 
the 50 kD species is inhib i ted by micromolar Ca2+. Hence, unless the cy-
tosol ic free Ca2+ concentration is well below th is l eve l , the 20 kD spec-
ies would be the most l i ke ly candidate as a component of the light-depend-
ent conductance system in the plasma membrane. 
5.4.5. Зшталу 
Protein phosphorylation has been investigated in the intact rod outer 
segment and its components, plasma membrane, disk membrane and cytosol. 
Recombination of plasma or disk membranes with cytosol gives a phosphor­
ylation pattern very similar to that of intact rod outer segments, but 
with a decreased extent of phosphorylation. The plasma membrane contains 
in addition to rhodopsin five phosphorylatable proteins: 20, 50, 110, 
226and245kD. Phosphorylation of the 20 kD and 50 kD species is light-sensi­
tive and is inhibited by ΙΟ"1* M calcium. Phosphorylation of the 245 kDand 110 
kD proteins is inhibited by sodium and potassium. The 110 kDand 226 kD proteins 
are not detected in disk membranes and seem to be unique to the plasma membrane. 
The cytosol fraction, obtained as a hypotonic wash of rod outer seg­
ments, contains two types of endogenous protein kinase activity, cyclic 
nucleotide dependent and independent. It contains six phosphorylatable 
proteins: 25, 32, 45, 56, 66 and 68 kD. The 66 and 68 kD proteins show 
cyclic nucleotide-independent phosphorylation, which becomes light-depend-
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ent when photoreceptor membranes are present. Phosphorylation of the 32 
and 56 kD proteins is stimulated by cyclic nucleotides and influenced 
by calcium. The effects of calcium on the phosphorylation reactions of 
the 25 and 46 kD proteins appear to require labile components, which are 
sensitive to aging or manipulation of the outer segment preparations. 
Our primary aim is to study the distribution of phosphorylatable pro­
teins in the rod outer segments and particularly, to identify those lo­
cated in the plasma membrane. Special attention should be paid to plasma 
membrane proteins of 20 and 50 kD, whose phosphorylation is light- and 
Ca2+-sensitive. Those proteins could represent regulatory proteins in an 
ion-translating system. 
In the next chapter changes in protein phosphorylation in response to 
light-excitation have been investigated in incubated whole bovine retinas 
by labelling with 3 2Р-Р0 4. Protein phosphorylation of rod outer segments 
isolated from those incubated retinas is compared to phosphorylation in 
isolated, intact outer segments labelled by 32P-ATP or 32P-GTP. 
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CHAPTER VI 
PHOSPHORVLATION OF Ruf OUTER SEGMENT PROTEINS W 
THE INTACT BOVINE RETINA 
6.1. IMTROOUCTIOW 
In the previous chapter we have presented evidence that a complex pat-
tern of phosphorylation reactions occurs in isolated bovine rod outer 
segments, which is influenced by parameters such as light, cation levels 
and cyclic nucleotide levels. In order to determine whether this type of 
regulation may play a role in visual excitation, it is crucial to deter-
mine whether the observed phosphorylation reactions in isolated rod ou-
ter segments are related to visual excitation. Hence, we have compared 
the phosphorylation pattern in rod outer segments present in intact bo-
vine retinas, which have been incubated ¿n vitno with 32P-P0i4, with that 
described in Chapter V for isolated rod outer segments incubated with (γ-
32P)-ATP or -GTP. We have also studied the effect on phosphorylation of 
parameters such as light, Ca^-levels and isobutylmethylxanthine (IBMX) 
as a further check on the reliability of the isolated rod outer segment 
system. The electrophysiological integrity of the bovine retina has been 
checked by recording its electroretinogram under similar conditions. 
The results support the use of isolated rod outer segments as a re­
liable system to study the regulation of phosphorylation reactions in 
the retina. The possible relevance of protein phosphorylation in rod 
outer segments to the visual transduction mechanism is discussed. Spec­
ial attention is given to the location and the ohosphorylation pattern 
of a 12 kDa protein in bovine retina, in view of the alleged role of 
similar proteins in rod excitation in the frog retina (Bownds e-t oui, 
1981). 
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ó.Ζ. MATERIALS ANP METHODS 
Carrier free (i?P)ti3P0k, in d i luted HCl (pH 2 to 3 ) , is obtained from 
Amersham International (England). Isobutylmethylxanthine (IBMX) is from 
Aldrich Chemical Company Ine (St. Louis, MO; Milwaukee, WI). Sodium pen­
i c i l l i n G and streptomycin are from Gist Brocades NV, D e l f t (the Nether­
lands). Analyt ical grade chemicals of highest pur i ty avai lable are used 
throughout. 
6.2.1. PhoiphoKyùition pnoczdwui. 
Catt le eyes are obtained from the local slaughter house immediately 
a f te r the dead of the animals. The eyes are kept in a l i g h t - t i g h t con-
tainer at room temperature and dissected in dim red l i g h t using a RG 665 
f i l t e r with \% Τ c u t - o f f at 659 nm. Two retinas are incubated i n a 20 ml 
polyethylene syringe, holding 5 ml oxygenated Ringer-bicarbonate solut ion 
containing ( i n mM): 125 NaCl, 5 KCl, 1.8 CaCl2, 0.5 MgCl2, 10 glucose, 25 
МаНСОз, 634 U/ml sodium p e n i c i l l i n G and 4.6 mg/ml streptomycin su l fa te. 
Carrier free 32P-phosphate (1 mCi) is neutralized with 1.0 M NaOH and is 
added to give a f i n a l concentration of 0.2 mM phosphate. The retinas are 
gassed through the syringe o r i f i c e wi th 95% 02-5% CO2 at a rate of 3 ml/ 
min, which gives a f i n a l pH of 7.5. Incubation is usually for 60 min at 
37± 1 0C. 
The fol lowing variables have been applied: 
1. low Ca2 +-levels ( Ю - 7 M). This condition rapidly (wi th in 5 min) prod­
uces large changes i n dark and l i g h t receptor a c t i v i t y (Bastian and 
Fain, 1979; Woodruff 2X. al, 1982) and i s , therefore, induced during the 
last 5 min of the incubation period by addit ion of EGTA to a f i n a l con­
centrat ion of 1.96 mM (Bastian and Fain, 1979) 
2. addit ion of IBMX (1 mM). L ight-act ivat ion of the cyc l ic GMP-dependent 
phosphodiesterase and subsequent decrease in cGMP levels can be part­
i a l l y inh ib i ted with IBMX ( M i l l e r zt ai, 1973., Miki e i at, 1975). In dark­
ness th is drug eventually i r r e v e r s i b l y depolarizes the rod (Lipton ut aJL, 
1977b). Effects of IBMX are studied by addit ion of a 10 mM solut ion of 
IBMX in physiological buffer containing 10% ethanol ( f i n a l concentration 
1 mM) immediately at the s t a r t of the incubation 
3. saturating i l l u m i n a t i o n . The ret ina is f lash- i l luminated with a 20 
msec f lash from a Xenon flashgun equipped with a 530 nm cut-of f f i l -
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ter (Schott RG 530), result ing in ca 20% bleachingof rhodopsin. This 
saturating bleach strongly hyperpol a r i zes the rod for a period of over 
2 min (Albani it al, 1980). I l luminated retinas are processes w i t h i n 
this time. 
6.2.2. кпаЛуьіь o¿ the. phoiphon-yZation patteAn 
After an incubation time for 60 min, the retinas are transferred to 
2 ml ice-cold medium, containing 67 mM sodium phosphate buffer (pH 7.4) , 
2 mM EDTA, 10 mM adenosine and 600 mM sucrose. Phosphate buffer and adeno-
sine serve to i nh i b i t dephosphorylation (Fairbanks and Avruch, 1972) dur-
ing iso la t ion of the rod outer segments. The mixture is vortexed for 45 
sec in order to homogenize the retinas and is then f i l t e r e d through 
nylon gauze. The f i l t r a t e is layered on a 23-36 (w/w)5i sucrose density 
gradient according to de Grip zt al (1980). The gradient is made up in 
67 mM sodium phosphate buffer , 2 mM EDTA (pH 7.4). The rod outer segments 
are d i lu ted with one volume of the same buffer so lu t ion, and are co l lec t -
ed by centr i fugat ion at 6000 χ g for 20 min at 2 0C. 
To 100 μΐ samples of ret ina l homogenate or f i l t r a t e , 200 μΐ of ice-
cold IQ% t r ich loroacet ic acid is added. The mixture is kept on ice for 
10 min in order to a l l precip i tat ion of proteins present. The prec ip i ta te 
is col lected by centr i fugat ion at 10,000 xg f o r 2 min. The p e l l e t iswash-
ed once with water. Protein contents of the r e t i n a l and outer segment 
samples are determined according to a modified Lowry procedure (Peterson, 
1977). Samples are resuspended to a protein concentration of about 5 mg/ 
ml and are solubi l ized by addit ion of one volume of twice concentrated 
sample buffer according to Laeranli (1970). SDS-polyacrylamide gel elec­
trophoresis and autoradiography are performed as previously described 
(Section 5.2.5). Dried gels are exposed to Kodak (type Royal X-0mat AR) 
X-ray f i l m for 10 days at -70 0C. 
6.2.3. EizctKophyiloZogiaaZ e.xpeAlmzntb 
The electrophysiological performance of the isolated bovine retinas 
under standard conditions of incubation has been checked in a Sickel 
chamber with freshly prepared Ag/AgCl electrodes (S ickel , 1965). A t r e -
phinized piece of retina (9 mm diameter) is placed in the chamber, which 
is then perfused with the standard Ringer bicarbonate medium, containing 
0.2 mM МаНгРО ,^ at a rate of 3 ml/min. Stimulation of the dark-adapted 
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bovine retinas and the recording of the electroretinogram are carried out 
according to Winkler (1972). 
I l luminat ion was provided by a 150 Watt Xenon lamp, which gave 20 msec 
l i g h t f lashes. The e lec t r i ca l responses are fed through a coaxial l ine 
in to a sensi t ive d i f f e ren t i a l ampl i f ier . The signal of the ampl i f ier is 
displayed on a storage oscil loscope. The apparatus was kindly madeavail-
able to us by Dr. J.M. Thi jssen, Ins t i tu te of Ophthalmology, this Univers-
i t y . 
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6.3. RESULTS 
6.3.1. РколркоіуЛаХіоп patteAn ¿n ¿ntact bov-ine. A.&tLna 
The relevance of extensive studies of light- and Ca2+-regulated phos-
phorylation reactions in isolated rod outer segments using (γ-3ζΡ)-ΑΤΡ 
or -GTP, is tested in this study. The present experiments are carried out 
in order to label intact retinas under electrical defined conditions per­
mitting recording of an electroretinogram. When a 9 im diameter part of a 
retina, placed in a Sickel chamber perfused with the standard Ringer-bi­
carbonate-phosphate medium, is illuminated with 20 msec light flashes, we 
obtain a fairly normal electroretinogram (ca 100 uV b-wave amplitude) for 
at least 2.5 h after death of the animal or 1.5 h incubation. This indi­
cates that the retina incubated under standard conditions in our phos­
phorylation experiments (max incubation time 1 h) remains functionally 
intact. 
The phosphorylation pattern of the intact retina appears to be too 
complex to present a detailed analysis of the effects of light and low 
Ca2+-levels. Except for the light-stimulated rhodopsin phosphorylation, 
only small changes in the protein phosphorylation pattern are caused by 
light and by lowering extracellular Ca 2 + (Fig la,b v¿ lc,d). The strong-
est phosphorylation is observed in a 12 kD protein band, under all condi-
tions tested. 
6.3.2. Thi 12 kD pKotzln'· ¿ocation and phoiphoA.ylation 
In the low molecular weight region, the retinal homogenate contains 
three strong protein bands at 8, 13 and 14 kD and two weaker ones at 12 
and 16 kD (Fig 1). The corresponding autoradiogram shows four phosphory-
latable species in this region (8, 12, 13.5 and 16 kD), three of which 
(8, 12 and 16 kD) correspond to visible protein bands. The Coomassie blue 
staining proteins of 8, 13 and 14 kD are strongly enriched in the denser 
membrane fractions (d> 1.15 g/ml) at or near the bottom of the sucrose 
gradient, which are clearly separated (Fig 2, lane 3b-5). A similar pat-
tern is obtained when the sucrose density gradient is replaced by a 5-16 
(w/w)% Ficol gradient made up in 600 mM sucrose, which is claimed to pre-
serve the functional integrity of the isolated rod outer segments better 
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Ψ-Îg 6.1 Vuotiin phoiphoiylcutíon раМглп o{¡ the. cetina. ¿abeZízd txiÁjth 32P-
pkoiphcite.. 
a ' . b ' : incubation for 60 min at 37 0C in 1.8 mM Ca2+ 
b ' . c ' : incubation for 55 min in 1.8 mM Ca2+, followed by 5 min in ΙΟ"7 M 
Ca2 + 
a ' . b ' : a saturating l i g h t f lash is given at the end of the incubation 
bleaching about 20% rhodopsin 
b ' . c ' : dark-adapted r e t i n a l samples 
lower gels: Coomassie blue stained protein pattern of a SDS-polyacryl-
amide gradient gel (8-19% acrylamide; 28 yg protein) 
upper gels: autoradiograms of the phosphorylation pattern 
traces : densitometric scans of corresponding lanes on autoradiograms. 
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fig 6.2 PKoteÄn patteAn o i 
izpoAatíd by ¿a&Loie. άζηλί-
ty QHadU-tnt cdrvUvi^uqatiun. 
SDS-polyacrylamide gradient 
gels (8-19% aerylami de), 
stainedwith Coomassie blue, 
are shown. 1, upper band; 2, 
rod outer segment band; 3, 
lower band, j u s t below ROS; 
4. colorless layer on top of 
the p e l l e t ; 5, brownish pel­
l e t . Lanes (b) represent ma­
t e r i a l precipi tated by c e n t r i -
fugation for 10min at 10,000 χ 
g, 4 0C. Lanes (a) represent 
TCA-precipitated material 





The corresponding autoradiogram of the density-separated fract ions from a 
3 2 P-label led retina indicates that the low molecular weight proteins of 8, 
12, 13.5 and 16 kD are located in the dense fract ions (d> 1.15 g/ml). A-
bout 99% of the 3 2 P-label led 12 kD band is present in the dense band at 
the bottom of the gradient, while less than \% of th is protein is pres­
ent in the outer segment band. 
The 12 kD component in bovine ret ina shows even stronger phosphoryla­
t ion than i l luminated rhodopsin (Fig 6.1a,b). In darkness, lowering the 
Ca2 +-levels from 1.8 mM to ΙΟ-7 M decrease the phosphorylation level of 
the 12 kD species to 80% (SEM=5, n = 3 ) . I l luminat ion with 1.8 mM Ca2 + 
present enhances phosphorylation by 50% (SEM = 8 , η = 3). 
When a sucrose-free, continuous or discontinuous Ficol density grad­
ient is used, the bovine outer segment band shows l i t t l e p u r i f i c a t i o n . 
Our preliminary experiments with frog retinas lead to the same conclu-
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sion (data not shown): the 12 and 13 kD components, as ident i f ied by 
Bownds and coworkers (Polans e i a£, 1979), are found enriched in ret inal 
f ract ions with higher density than the rod outer segment band. 
6.3.3. VhoophoiylaUlon рсМглп o¡S /tod οαίΜ. ¿zgme.nt& 
In order to compare the protein phosphorylation pattern of the rod 
outer segments in intact retinas incubated with 32P-phosphate to that 
of isolated rod outer segments label led with 32P-ATP or -GTP, we have 
isolated rod outer segments from the labelled ret ina by means of a 
sucrose density gradient. Fig 6.3 presents the subsequent analysis of 
the outer segment proteins by SDS-polyacrylamide gel electrophoresis 
mw 
(xio"3) 
F-cg 6.3 VloteÁn and pkoiphoh.-
ylation раХіглп ofj Kod 
owteA 6e.gme.nti ¿¿¡oùited (¡нот 
32
Р-1а.Ь(МЫ letincu,. a-d: pro­
t e i n p a t t e r n s , a ' - d ' : phosphor­
y l a t i o n patterns. a ' : 1.8 mM 
Ca 2 + , ca 20% rhodopsin bleach­
ed in the ret ina before outer 
segment i s o l a t i o n , b' : ΙΟ"7 M 
Ca 2 + , ca 20% rhodopsin bleach­
ed in the ret ina before the 
outer segment i s o l a t i o n , c ' : 1.8 
mM Ca 2 + , outer segments i s o l a t ­
ed from dark-adapted ret inas. 
d ' : 10 - 7 M Ca 2 + , outer segments 
isolated from dark-adapted 
ret inas, subsequently i l luminat­
ed (15% of rhodopsin bleached). 
Outer segment samples (35 ug 
protein) are applied to a SDS-
polyacrylamide gradient gel 
(6-15% acrylamide). 






a b e d a b e d ' 
and autoradiography for a typical experiment. Densitometrie scans of 3 2P-
labelled outer segment proteins separated by SDS-polyacrylamide gel elec­
trophoresis are shown in Fig 6.4. 
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F-cg 6.4 Уко&ркокуЫііоп potteAnó o¿ ооіел itgrmnt p/wtz¿n& ¿iotatzd ^om 
S2P-labMzd KZJUYWA. 
Densitometrie scans of autoradiograms are averaged from two gels. 
a,b: retinas incubated in the presence of phosphodiesterase i nh ib i t o r 
IBMX. 
a: outer segments from f lash i l luminated ret inas; b: outer segments from 
dark-adapted ret inas. 
c,d: control incubation with normal Ca2+ (1.8 mM). 
c: outer segments isolated from flash i l luminated ret inas; d: outer seg-
ments from dark-adapted ret inas. 
e , f : Ca2+ is lowered from 1.8 mM to ΙΟ"7 M 5 min before the end of the 
incubation. 
e: outer segments from f lash-i l luminated ret inas; f : outer segments i l ­
luminated a f t e r iso lat ion by sucrose density gradient c e n t r i f u g a t i o n . 
Table 6.1 compiles the phosphorylated proteins which have been detected. 
The levels of 32P-phosphate incorporation into outer segment membrane 
proteins of 340, 295, 265, 226, 165, 145, 125, 110, 50 and 20 kD are en­
hanced upon f lash i l luminat ion of the ret ina (Fig 6.4, densitometri с scans 
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ТаЫг 6.1 PHOSPHORVLMEV PRÖTEIWS IN ROV OUTER SEGMENTS ISOLATEO 3 2 РОц-
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с IM d ) . The weak Coomassie blue stained bands in the high molecular 
weight region (340, 295 and 265 kD, Fig 6.3) are not reproducibly detect­
ed i n rod outer segments and apparently or ig inate from material denser 
than the rod outer segment band ( d u 1.17 g/ml), indicated by protein pat­
terns of SDS-polyacrylamide gels (c¿ Fig 6 .2 , lane 3b). 
Addition of 1 mM IBMX during phosphorylation reduces the phosphate i n -
corporation to 40X of the normal l e v e l , but the outer segment phosphoryl-
at ion pattern is not changed (Fig 6.4 scan b /л d ) . Rhodopsin phosphoryl­
at ion is enhanced, but remains well below the normal level a f ter i l l u m i ­
nat ion. No s i g n i f i c a n t increase in light-dependent phosphorylation is ob­
served, so IBMX seems to abolish the l i g h t effects on phosphorylation of 
the various proteins. 
- 1 2 6 -
6.3.4. Pùuma. тетЬлапе. piottinA ¿η nod oateA segmenti 
Five proteins of the rod outer segment have been i d e n t i f i e d as plasma 
membrane proteins which can be phosphorylated (Section 5.3.4). These pro­
teins with apparent molecular weights of 245, 226, 110, 50 and 20 kD, are 
phosphorylated by 32P-ATP and -GTP upon i l luminat ion of isolated bovine 
rod outer segments (see Section 5.3.4). The phosphorylation levels of the 
three large protein components are increased by l i g h t in the incubated 
r e t i n a , in contrast to the isolated outer segments, which are not a f f e c t ­
ed by l i g h t . 
Light-stimulated phosphorylation of the 50 kD protein is increased by 
addit ion of normal Ca2 +-levels (Fig 6.4c IM d ) , but hardly any C a 2 + - i n -
fluence is observed i n the phosphorylation of the 20 kD protein in the 
intact r e t i n a . 
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6.4. DISCUSSION 
6.4.1. ChanacXdAiitico o£ the. J2 kV phßttun 
The 12 kD phosphoprotein is strongly enriched in re t ina l fract ions 
with densities greater than 1.15 g/ml. Preliminary experiments with frog 
ret ina have shown the same pattern. The bovine species is the most prom-
inent phosphoprotein and resembles the 12 kD protein observed in 
frog ret ina which belongs to ret inal fract ions with densities higher 
than that of the outer segment band. The phosphorylation of the bovine 
12 kD species is stimulated by l i gh t and enhanced by normal extracel lu-
l a r Ca2+, as compared to low Ca2+ (10"7 M). The frog species of 12 and 
13 kD are most strongly phosphorylated in darkness. The reaction is st im-
ulated by cGMP (0.5-1.0 mM) and low ( К Г 7 M) Ca2 +-levels (Polans U ai, 
1979), whereas both components are dephosphorylated in the ret ina upon 
i l luminat ion leading to bleaching of less than 1% rhodopsin (Hermolin eX 
at, 1982). 
The question arises where the 12 kD protein is located and which func­
t i o n i t may have. We f i n d 99% of this protein to be located outside the 
outer segment band a f t e r density gradient c e n t r i f u g a t i o n . Thus i t s i n ­
volvement in a l ight-regulated sodium channel in the outer segment, as 
suggested by Bownds г£ al (1981) seems to be un l ike ly . However, the fact 
that i t s phosphorylation is l ight-st imulated and is inh ib i ted by lowering 
the Ca 2 + - leve l , suggesting that i t is associated with the rod c e l l , pos-
s ib ly the synaptic membrane. 
6.4.2. Light гЦисХъ on. phoiphoiyuutcon 
Light-stimulated phosphorylation of rod outer segment proteins from 
3 2 P-label led retinas is more pronounced than in the isolated rod outer 
segment system, in p a r t i c u l a r f o r the high molecular weight region (Fig 
6.3; Table 6.1). Enhancement of phosphorylation of the membrane proteins 
by l i g h t of 340, 295, 265, 245, 226, 165, 145, 125 and 110 kD has not yet 
been detected in isolated outer segments. This could be due to the exper­
imental conditions being s t i l l suboptimal f o r the isolated outer segments: 
1. the levels of t r inucleot ides applied are low as compared to the levels 
present in i n t a c t r e t i n a ; 2. the use of a more general phosphate source 
for the incubated ret ina (3 2Р-Р04 instead of (γ-32Ρ)ΑΤΡ or -GTP) ; 3. the 
adaptation processes occurring in the isolated r e t i n a . 
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Light-stimulated phosphorylation of the 125 and 110 kD species seems to 
be transient, since phosphate incorporation is higher when illumination 
is carried out after isolation of the outer segments compared to illumi-
nation of the intact retina. The light-stimulation of the phosphorylation 
of 50 and 20 kD proteins in the intact retina is smaller than in isolated 
outer segments. This suggests that these phosphorylation processes may be 
transient, in the sense that dephosphorylation would occur during isola-
tion of rod outer segments. 
6.4.3. EfázctA o{ I8MX and Ca2+ 
Treatment with IBMX increases cGMP levels in isolated ret ina and de-
polarizes the rod (Brown and Waloga, 1981; Ostroy, 1981). The receptor 
potent ials e l i c i t e d by br ight l i gh t becomes larger at a l l l i g h t in tens i -
t ies and a s h i f t of the receptor in tens i ty function to lower sens i t i v i t y 
has been observed (Brown and Waloga, 1981; Heat and Basinger, 1983). I t 
has been reported that incubation with IBMX over longer periods of time 
results wi th in one hour and the cel l seems to become i r revers ib ly poison-
ed (Lipton ut al, 1977b). 
The re la t i ve ly enhanced dark-phosphorylation, which we observe upon 
IBMX-treatment, could be one of the mechanisms which desensitize the rod 
photoreceptor c e l l . However, the effects of shorter IBMX-treatmentsshould 
be evaluated before the results can be interpreted in terms of e lect ro-
physiological relevant models. 
Lowering the extracel lu lar Ca^- leve ls by EGTA addit ion depolarizes 
the rod (Brown &t al, 1977; Lipton, 1977a). The response amplitude is 
increased, resul t ing in a very large increase in membrane conductance. 
Thus, the action of Ca2+ is to reduce the light-modulated conductance of 
sodium. This has led us to study the effects of Ca2+ on phosphorylation. 
Low Ca2+ (during 5 min) decreases the dark-phosphorylation level of the 
high molecular weight proteins of 340, 295 and 265 kD i n t h e i n t a c t ret ina 
but not that of the other proteins. Low Ca2+ also causes a moderate de-
crease in the l ight-st imulated phosphorylation of the 165, 125, 50 and 20 
kD proteins (Fig 6.4 e ім с ) . 
6.4.4. Compa&L&on o{¡ -intact кеЛіпл and ¿òolatzd oaten. Ae^mentó 
The phosphorylation pattern of bovine rod outer segments is very sim-
i l a r whether the labeling occurs in the in tac t ret ina or in isolated rod 
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outer segments. However, some minor differences, which have been observ-
ed, deserve further attention. 
Phosphorylation of the three highest molecular weight components (340, 
295 and 265 kD) has never been observed in isolated rod outer segments 
labelled In viXtw with 32P-ATP or -GTP (Section 5.3.4.). These proteins 
cannot be detected reproducibly by Coomassie blue staining of the SDS-
polyacrylamide gels of purified rod outer segments (Fig 6.3, lanes a-d). 
Since these proteins are enriched in retinal fractions with higher densi-
ty than the rod outer segments (Fig 6.2, lanes 3a, 3b, 4a, 4b and 5), we 
suggest that the 340, 295 and 265 kD proteins either are ciliary proteins 
or may originate from contaminating material present in other cells or 
organelles. 
We have observed phosphorylation of 165 and 145 kD membrane proteins 
and of other outer segment proteins of 85, 75 and 66 kD thus far only in 
outer segments from intact labelled retinas. Since we do not detect their 
phosphorylation in recombined systems (Section 5.3.1.) we do not yet know 
their localization. 
6.4.5. Swrnntvty 
The protein phosphorylation pattern in intact bovine retinas has been 
investigated by labeling with 32P-phosphate. Labeling of retinas has been 
carried out under incubation conditions that preserve the electrical 
photoreceptor response, as observed from electroretinograms of the retina 
placed in a Sickel chamber. The phosphorylation of the outer segment pro-
teins is analyzed after isolation of the rods from the labelled intact 
retina. In particular the influence of light, Ca2+ and the phosphodiester-
ase inhibitor IBMX on the protein phosphorylation has been investigated. 
A 12 kD protein is the most prominent phosphorylated species in the 
intact retina. Its phosphorylation is increased by light and Ca2+. Evid-
ence is presented that this protein may not be localized in outer seg-
ments, but rather that it may be a synaptic protein. 
Outer segment proteins with apparent molecular weights of 245, 226, 
165, 145, 125, 110, 50, 38 and 20 kD all show light-stimulated phosphor-
ylation. Lowering the extracellular Ca2+-level decreases level of certain 
of these proteins, v¿z 165, 125, 50, 38 and probably the 20 kD protein. 
Those proteins, whose phosphorylation level is changed by both light and 
Ca2+, are possible mediators of phototransduction. The proteins of 50and 
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20 kD are associated with the plasma membrane and therefore, these pro-
teins could have a regulatory role in light-dependent ion conductance of 
the plasma membrane. 
In the f inal chapter the phosphorylation behaviour of the proteins in 
the isolated rod outer segments and the outer segment plasma membrane 
(Section 5.3.4.). and the l ight- and Ca2+-sens1tive protein phosphoryla-
tion in intact retina (this chapter) w i l l be f i t ted into a general scheme. 
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CHAPTER V I I 
GENERAL PISCUSSION 
7.1. PwpeAtÍ&á oí th& plaima mmbnane. 
The experiments described in th is thesis have been performed in order 
to characterize the properties of the outer segment plasma membrane. At 
the s ta r t of our invest igat ion no biochemical study had been reported 
directed to the plasma membrane. Thus, we have f i r s t developed a proc-
edure for the iso la t ion of the plasma membrane which is based on a f f i n -
i ty-b inding and density modification (Chapter I I I ) . By comparing various 
biochemical parameters of the plasma membrane with those of thediskmem-
brane and in tac t outer segments we have been able to show that the plasma 
membrane preparation is reasonably pure. Our next goal has been the eluc-
idat ion of plasma membrane components that might be involved in the reg-
ulat ion of ion permeability of th is membrane. 
Three proteins have been found which are speci f ic for the plasma mem-
brane viz the 226, 110 and 48 kD proteins. Three other proteins viz 245, 
66 and 34 kD are much more prevalent in the plasma membrane than in the 
disk membrane. The presence in substantial amounts of at least s ix 
proteins in addit ion to rhodopsin suggest a more d i f fe rent ia ted function 
for the plasma membrane as compared to the disk membrane. In addit ion to 
such an exchange or channel prote in, regulating conductance, receptor 
proteins ( re t i no id - or taurine-receptors) and signal proteins regulating 
the disk shedding by the re t ina l pigment ep i the l ia l ce l ls are assumed to 
be present in the plasma membrane. 
As to the phospholipids PE, PC and PS in the plasma membrane are not 
s ign i f i can t l y d i f fe rent from those in the disk membrane, whereas PI and 
sphingomyeline seem to be s l i gh t l y enhanced. The molar cholesterol/phos-
pholipid ra t io is only s l i gh t l y higher in the plasma membrane than in the 
disk membranes (0.092 vi 0.079). This ra t io is comparable to that in 
other cholesterol-def ic ient membranes l i ke those of mitochondria (Colbeau 
e i at, 1971), but much lower than those in plasma membranes of most other 
cel ls (0.6-1.0; Demel and de Kruyff , 1976). The low cholesterol/phospho-
l i p i d molar ra t io in the plasma membrane makes the presence of cholester-
o l -spec i f ic areas ( 'par t i c le - f ree patches'; Andrews and Cohen, 1979) in 
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the plasma membrane u n l i k e l y . 
The f a t t y acids of the plasma membrane are less unsaturated than those 
of the disk membrane, when expressed as molar percentage of polyunsatur­
ated f a t t y acids (44% vi ЪЪ%). The lower degree of f a t t y acid unsatura-
t i o n and the s l i g h t l y higher cholesterol content of the plasma membrane 
indicate that t h i s membrane should have a lower f l u i d i t y than the disk 
membrane. 
Of the four enzymes studied, none was found to be e n t i r e l y specif ic 
f o r the plasma membrane. Both 5'-nucleotidase and r e t i n a l dehydrogenase 
have about the same a c t i v i t y in plasma membrane and disk membrane. 
Guanylate cyclase a c t i v i t y is about f o u r - f o l d higher in the plasma mem­
brane than in the disk membrane. The r e l a t i v e l y high cyclase a c t i v i t y in 
the disk membranes in our study is consistent with the observations of 
Krishnan (1978). The guanylate cylase a c t i v i t y is p a r t i a l l y (ca 25%) re­
covered in the c i l i a r y f i b e r s of rod outer segments a f t e r removal of ou­
t e r segment membranes with Tr i ton X-100. These data suggest that the 4-
f o l d enriched a c t i v i t y in the plasma membrane preparation may at least 
be p a r t i a l l y derived from c i l i a r y structures (Fleischman zt odi, 1980), 
present in the plasma membrane preparation. 
7.2. TnanidadtLon m&cktinlàm 
The visual pigment rhodopsin constitutes 93% of the membrane protein 
in the outer segment disks which are considered tobe internal Ca2"·" stores. 
Upon l i g h t absorption by rhodopsin the sodium permeability of the plasma 
membrane is decreased, which leads to hyperpol ar izat ion of the rod c e l l . 
The increased Ca2+ concentration wi th in the rod cytosol is thought to 
modulate the Na+ permeability of the plasma membrane. 
The sequence of events that have been proposed in the outer segment 
upon i l luminat ion can be summarized as fo l lows: in response to l i g h t , 
rhodopsin is bleached and i n i t i a tes the release of Ca2+ in to the cytosol. 
A GTP-binding protein is activated by rhodopsin and in turn activates the 
phosphodiesterase. The resul t ing f a l l in the level of cGMP leads to a de-
creased a c t i v i t y of the Ca2+ translocating system of the rod and hence to 
an increased cytosol ic Ca2+ concentration. 
Evidence from the l i t e ra tu re indicates that cyc l ic nucleotide-depend-
ent protein phosphorylation plays a role in regulation of e lec t r ica l ac-
t i v i t y in vertebrate nerve cel ls and in the synapse of vertebrate neu-
-134-
rons. Hence, we have studied protein phosphorylation in the intact outer 
segment, resp. its subcompartments (plasma membrane, disk membrane and cyto-
sol) in an attempt to correlate phosphorylation anddephosphorylation proces-
ses in the rod outer segments to the electrical events occurring the 
plasma membrane during excitation and adaptation. 
7.3. Pho&photLylatíon orf Akodop¿¿n 
The phosphorylation of rhodopsin has been the subject of many i nves t i -
gations (Kühn and Dreyer, 1972 and 1973). This phosphorylation process is 
light-dependent and has a strong preference for ATP as phosphate donor 
(Kühn and McDowell, 1977). Recently, mult iple phosphorylation at the 
carboxyl-terminal end of i l luminated rhodopsin, involving up to nine 
serine and threonine residues has been demonstrated (Hargrave vt al, 
1977; Wilden and Kühn, 1982). 
In addi t ion, we f ind a low level of rhodopsin phosphorylation by GTP 
in dark-adapted outer segments in the presence of 0.1 mM Ca2+ and ATP 
(see Section 5.3.3 and 5.4.2). This type of phosphorylation could provide 
a mechanism for l i g h t adaptation of the rod to prevent the binding of G-
protein to rhodopsin, upon subsequent photo-excitat ion. The incorporation 
of negatively charged phosphate groups into the rhodopsin C-terminus ap-
parently blocks i t s interact ion with the G-protein and thus terminates 
act ivat ion of the G-protein and subsequent steps inthe ampl i f icat ion 
process in trancduction. The process of mult ip le phosphorylation could 
provide a simple mechanism, by which the regulatory e f fec t of photo-ex-
c i ted rhodopsin on cytosol ic enzyme ac t i v i t i e s can be modulated. An a l -
ternat ive feed-back mechanism for the termination of the ampl i f icat ion 
is the ATP-mediated reversal of the phosphodiesterase act ivat ion (Liebman 
and Pugh, 1980). 
7.4. PhoaphoiyuUion 0$ out&i izgmznt membàane. pKotiim, 
Separation of the three compartments of the outer segment, viz plasma 
membrane, disk membrane and cytosol , has permitted us to invest igate the 
phosphorylation reactions in these three d i s t i nc t f rac t ions. We f i nd no 
i n t r i ns i c membrane-bound protein kinase a c t i v i t y in ei ther plasma or disk 
membranes. 
The protein kinase a c t i v i t y o f the outer segment cytosol can almost be 
completely extracted by hypotonic washing. The cytosol ic f rac t ion appears 
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to contain endogenous kinase activity, since several proteins of 32, 38, 
56, 66 and 68 kD are phosphorylated when incubated without membranes. 
However, no light effects are observed on these phosphorylation reac-
tions in the extracted cytosol. Protein phosphatase activity has been 
recognized in both plasma and disk membranes. 
The location of membrane proteins undergoing phosphorylation has been 
determined by studying phosphorylation of either plasma membrane or disk 
membrane preparations combined with hypotonically extracted soluble pro-
teins fraction. We observe phosphorylation of plasma membrane proteins 
with apparent molecular weights of 245, 226 and 110 kD and plasma mem-
brane associated proteins of 50 and 20 kD. The physiological relevance 
of these phosphorylation processes in recombined systems has been con-
firmed by studying the phosphorylation pattern of isolated intact outer 
segments labelled with 32P-ATP or 32P-GTP. 
The process of outer segment isolation does not seem to affect the 
protein phosphorylation pattern. Only slight differences in the level 
of phosphate incorporation into the cytosolic proteins have been found, 
e.g. the inhibitory effects of 0.1 mM Ca2+ on phosphorylation of 25 and 
46 kD in the cytosol are only observed in the intact outer segments, 
whereas Ca 2 + inhibition on the phosphorylation of a 32 kD protein is 
much more effective in the intact outer segment than in the recombined 
system. 
We have extended these studies to outer segments isolated from intact 
32P04-labelled retinas in order to establish light-effects on the phos-
phorylation reactions of membrane proteins. 
The differences between the phosphorylation reactions in intact retina 
and in isolated outer segments are relatively minor. They consist of 
a) light stimulation of the phosphorylation of several outer segment 
proteins of 245, 226, 165, 145, 125 and 110 kD, some of which (245, 226 
and 110 kD) are plasma membrane proteins, and b) Ca2+ effects on the 
phosphorylation level of various proteins (of 165, 50 and 20 kD). These 
findings need further investigation. 
The effects of Ca2+ and cyclic nucleotides on the phosphorylation lev-
el have been studied by labeling the isolated rod outer segments, since 
with intact retinas the internal Ca2+ and cGMP levels in the outer seg-
ment cannot be sufficiently varied. In experiments with isolated outer 
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segments we f ind a strong inh ib i t i on by Ca 2 + of the phosphorylation of 
the 50 and 20 kD components and a st imulat ion by cyc l ic nucleotides of 
the phosphorylation of the 50 kD prote in. The effects of Ca2-1" and cGMP 
on the protein phosphorylation of the outer segment proteins in in tac t 
ret ina are much more d i f f i c u l t to evaluate and need further study. 
I f the light-mediated permeability changes in the outer segment plas-
ma membrane would be related to a phosphorylation-dephosphorylation 
cycle of one or more membrane proteins, these proteins would have to 
sat is fy at least two c r i t e r i a : 
1. plasma membrane-location 
2. light-dependent phosphorylation. 
In add i t ion , effects of Ca2"1" and (possibly) cGMP on the phosphoryla-
t ion level would be expected. We have iden t i f i ed as proteins sat is fy ing 
these c r i t e r i a the plasma membrane proteins with apparent molecular 
weights of 226, 110, 50 and 20 kD, the effects of Ca2+ and cGMP on the 
phosphorylation levels of these proteins should be further evaluated in 
the in tac t re t ina . 
Our results of the phosphorylation reactions in cytosol , disk membrane 
and plasma membrane and combinations thereof indicate tha t , in p r i nc ip le , 
two d i f fe rent Phosphokinase systems, both cyc l ic nucleotide-dependent and 
cycl ic nucleotide-independent are present in the outer segments, which are 
in agreement with other reports (Lee oX aZ, 1981 and 1982). The phosphor-
y la t ion level of cytosolic proteins with apparent molecular weights of 
32, 46 and 56 kD, as well as of membrane components (50 and 110 kD) is 
enhanced by cGMP and decreased by 0.1 mM Ca2+. The Ca2 + - inh ib i t ion of the 
phosphate incorporation into cytosol ic components can be observed in i n -
tact outer segments.whereas th is decreased phosphate level of membrane 
components (20, 50, 110 and 165 kD proteins) has only been observed in 
the in tac t re t ina . Thus, i t is evident that the Ca2+-regulation of the 
protein kinase a c t i v i t y is sensit ive to aging of the rod outer segments 
and to manipulation of the recombined systems. 
A tentat ive schematical view, presented in Fig 7 . 1 , incorporates our 
findings into the current concepts of the exc i tat ion and adaptation proc-
esses in the outer segment. We predict that the cycl ic nucleotide-depend-
ent Phosphokinase system (CPK) would regulate the phosphorylation level 






F-tg 7.7 Model, ^ок the. АлиоЛ. excÁtation тгсксийдт, ¿ncon.pofiaJU.yig оил 
6¿nd¿ngi. 
R, rhodopsin; R*, photoactivated rhodopsin; G, GTP-binding prote in ; PDE, 
phosphodiesterase. Cyclic nucíeotide-dependent (CPK) and cyc l ic nucleo-
tide-independent (CIPK) Phosphokinase ac t i v i t i es are proposed to be de-
pendent on the cGMP and Ca2+ leve ls , respectively. They can regulate the 
phosphate turnover of several components - indicated by the su f f i x Ρ -
in rod cytosol , disk membrane and plasma membrane. 
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act by increasing the probabi l i ty of ion-channel opening by increasing 
phosphorylation levels of regulatory subunits and not by a l t e r i n g i t s 
conductance or s e l e c t i v i t y . This CPK a c t i v i t y can be mediated by a rapid 
f a l l in the cyc l ic GMP-level upon l i g h t - a c t i v a t i o n of the phosphodiester­
ase. 
After i l luminat ion of the rod ce l l the cyc l ic nucleotide-regulated 
phosphate levels of the dark-adapted rod c e l l could be decreased by a 
cyc l ic AMP-dependent phosphatase a c t i v i t y , which we have observed in rod 
outer segment membranes. These dephosphorylation reactions would lead to 
an opening of the channels that have been closed upon l i g h t - e x c i t a t i o n . 
In a d d i t i o n , the Ca^- level which increases with l i g h t - e x c i t a t i o n , 
could regulate cycl ic nucleoti de-independent kinase a c t i v i t y (CIPK), 
since we have observed a decreased phosphate incorporation into cytosol ic 
proteins of 25, 46, 56 and 66 kD and of membrane components of 20 and 50 kD. 
7.5. FatuAe хеледАск 
I t would be important i f the e f f e c t of phosphorylation of the membrane 
constituents on the e l e c t r i c a l properties of the rod cel l could be de­
termined. The recent indicat ion that cGMP can regulate the Ca2 +-level in 
the rod c e l l and the electrophysiological evidence that Ca2+ and cGMP 
might antagonize in the regulation of the plasma membrane permeabil i ty, 
warrants fur ther investigation of the phosphorylation levels of various 
components of the rod eel 1. 
In p a r t i c u l a r , phosphorylation levels of the dark-adapted rod c e l l 
upon d i f f e r e n t cGMP levels which can be a r t i f i c i a l l y and reversibly i n ­
duced by IBMX are essential to establish the nature of the cycl ic nucleo­
t i de-dependent kinase a c t i v i t y . Light-induced phosphorylation levels at 
d i f f e r e n t Ca2 +-levels ( 5 . 1 0 " 3 - 1 0 " 9 M) should be determined in order to 
establish whether a Ca2 +-regulated kinase a c t i v i t y is functioning and 
whether t h i s could modulate the light-dependent in permeability of the 
plasma membrane. 
The various types of ion channels can be distinguished by means of 
radiolabeling methods using t r i t i a t e d or iodinated photoactivatable 
labels. The protein constituents of the plasma membrane, which have been 
recognized in th is study, could be i d e n t i f i e d by various types of neuro­
toxins in order to d i f f e r e n t i a t e between the d i f f e r e n t channel types. 
E.g. the Na+ channel is the pharmacological receptor of a large number of 
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neurotoxins. All known toxins, in addition to the already tested tetro-
dotoxin and saxitoxin should be used, viz alkaloids, scorpion toxins 
(see M. Lazdunski (1982) in 'Biology of the Cell', Vol 15, p. 355), in 
order to analyze the structure and the differentiation properties of 
the Na+ channel. A logical next step would be to purify relevant pro-
teins once a suitable assay has been developed. Subsequently incorpora-
tion into model systems, like black lipid membranes and reconstituted 
membranes will permit to study different types of channels. 
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SUMMARY 
The vertebrate rod cell contains a highly specialized part, the outer 
segment containing many disks, whose light is transformed into an elec-
tric signal. Absorption of a photon by a rhodopsin molecule in a disk 
membrane causes a decrease in the Na+ permeability of the plasma mem-
brane leading to hyperpol arization of the rod cell. In order to under-
stand the mechanisms of amplification and transformation of the light 
signal in rod outer segments, it is necessary to investigate the bio-
chemical properties of those plasma membrane components, which may de-
termine the Na+ permeability of this membrane. 
The present study focuses on the isolation and biochemical character-
ization of the plasma membrane from bovine rod outer segments. In Chap-
ter I our present understanding of the structure and function of the rod 
cell is reviewed. The essential features of both the Ca2+andcGMP hypo-
thesis are summarized and the basic results from electrophysiological 
experiments are discussed. Evidence from both electrophysiological and 
biochemical experiments is presented, which suggests that Ca 2 + and cGMP 
act as interrelated second messengers in the rod cell. In addition, we 
describe the evidence indicating that cyclic nucleotide-dependent pro-
tein phosphorylation plays a role in regulation of electrical activity 
in invertebrate nerve cells and in the synapse of vertebrate neurons. 
In Chapter II we describe our study of the proteins present in isolat-
ed outer segments by means of SDS gel electrophoresis on two-dimensional 
gels. Their location in the rod outer segments has been assessed by 
fractionating it in cytosol, membranes and ciliary structures. The lat-
ter have been isolated and their protein components have been distin-
guished from those of the outer segment plasma and disk membrane. 
In Chapter III a method for the isolation of the outer segment plasma 
membrane has been worked out. This method is based on affinity binding 
and density modification of the plasma membrane. Intact rod outer seg-
ments are bound through the lectin receptors on the plasma membrane to 
concanavalin A, which is covalently linked to polystyrene beads. After 
hypotonic lysis the disk membranes are removed, and finally the plasma 
membrane is released from the beads by treatment with a-D-methyl manno-
side. Optimal yield (ca 5036) and purity are obtained by a combination of 
a bulk and a column procedure for the binding step and a bulk procedure 
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f o r the disk membrane removal and plasma membrane i s o l a t i o n . 
The plasma membrane has a lower rhodopsin content than the disk mem­
brane (51% vi 93%) and a s l i g h t l y higher protein content (52% vi 48%). 
The plasma membrane preparation has been characterized by means of var­
ious biochemical parameters (Chapter IV). Six proteins with apparent 
molecular weights of 245, 226, 110, 66, 48 and 20 kD are detected in the 
plasma membrane. The 110 and 226 kD proteins are not detected indiskmem-
branes and seem to be unique to the plasma membrane. Enzymatic analysis 
reveals the presence of low a c t i v i t i e s of (Na+ +K+)-ATPase, S'-nucleo-
tidase and cytochrome С oxidase, about equal to those in the disk mem­
branes. This indicates that there is l i t t l e contamination by inner seg­
ment plasma membrane and mitochondria. Guanylate cyclase a c t i v i t y in the 
plasma membrane is four times higher than i n the disk membrane. 
The plasma membrane has a lower content of C16:0, 016:1, C18:0 and 
C18:l than the disk membrane. Three arguments are adduced indicat ing 
that contamination of the plasma membrane preparation by disk membranes 
is low. Some contamination by c i l i a r y structures is present, as ind icat­
ed by electron microscopic observations and by the presence of minor a-
mounts of c i l i a r y proteins. C i l i a r y structures can only be p a r t i a l l y re­
moved from the plasma membrane preparation by means of f ract ionat ion on 
sucrose density gradients. 
In Chapter V we describe protein phosphorylation in the i n t a c t rod outer 
segment and i t s components, plasma membrane, disk membrane and cytosol. 
The primary aim of these investigations is to i d e n t i f y the phosphorylat-
ing proteins present in the plasma membranes. Recombination of plasma or 
disk membranes with cytosol gives a phosphorylation pattern very s imi lar 
to that of i n t a c t outer segments. Five proteins of the plasma membrane 
f r a c t i o n are phosphorylated by ATP and GTP. The phosphorylation of the 
20 kD and 50 kD species is light-dependent and is inh ib i ted by ΙΟ-1* M 
Ca2"1". Phosphorylation of the 245 kD and 110 kD proteins is inh ib i ted by 
Na+ and K+. The cytosol f r a c t i o n contains s ix phosphorylating proteins: 
25, 32, 46, 56, 66and68 kD. The 66 and 68 kD proteins show cycl ic nu­
cí eotide-independent phosphorylation, which becomes light-dependent when 
outer segment membranes are present. Phosphorylation of the 32 and 56 kD 
proteins is stimulated by cycl ic nucleotides and influenced by Са2 +. 
In Chapter VI changes in protein phosphorylation in response to l i g h t -
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excitation have been investigated in intact retinas incubated with 32P-
phosphate. Protein phosphorylation in outer segments isolated from these 
retinas is compared to phosphorylation in isolated outer segments label-
ed by 32P-ATP or 32P-GTP. Labeling of the retinas has been carried out 
under conditions that preserve the electrical response of the rod ce l l . 
Electroretinograms have been recorded from flash-illuminated retinas in 
a Sickel chamber. The influence of l ight , Ca2+ and the phosphodiester-
ase inhibitor (IBMX) on the protein phosphorylation has been investigat-
ed. A 12 kD protein is the most prominently phosphorylated species in the 
intact retina. Its phosphorylation is increased by l ight and Ca2+. Evid-
ence is presented that this protein may not be located in the outer seg-
ment, but that i t may rather be a synaptic protein. The 245, 226 and 110 
kD plasma membrane proteins show light-stimulated phosphorylation, which 
could not be observed in isolated outer segments labelled with 32P-ATP 
or -GTP. Lowering the extracellular Ca2+ level decreases the phosphor-
ylation level of certain membrane proteins, iu.z 165, 125, 110, 50, 38 
kD components and probably the 20 kD protein of rod outer segments. 
Proteins, whose phosphorylation level is changed by both l ight and 
Ca2+, are potentially mediators of phototransduction. The 20 kD and 50 
kD proteins f u l l f i l these requirements and are associated to the plasma 
membrane, suggesting that they may play a regulatory role in l ight-
dependent ion conductance of the plasma membrane. 
Finally, in Chapter VII we present a discussion of the results of the 
preceding chapters. I t is argued that protein phosphorylation may play 
a regulatory role in the rod cell and in the plasma membrane in partic-
ular. We discuss the possibility that l ight- and Ca2+-dependent phosphor-
ylation of several membrane proteins in the outer segment modulate the 
ion permeability of the outer segment plasma membrane. 
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SAMEWATTING 
De staafjescel van vertebraten bevat een hooggespecialiseerd deel -het bui-
tensegment - waar licht wordt omgezet in een electrisch signaal. Absorp-
tie van een foton door een rhodopsine molecuul, dat in het diskmembraan 
is gelegen, veroorzaakt een afname in de natriumgeleiding over het plas-
mamembraan. Dit resulteert in hyperpolarisatie van de staafjescel. Voor 
een beter begrip van het mechanisme van amplificatie en de omzetting van 
het lichtsignaal in staafjesbuitensegmenten is onderzoek nodig naar de bio-
chemische eigenschappen van die componenten van het membraan, welke de 
natriumgeleiding over het plasmamembraan bepalen. 
Het hier beschreven onderzoek concentreert zich op de isolatie en de 
biochemische karakterisering van het plasmamembraan, uit het staafjes-
buitensegment van runderen. 
In Hoofdstuk I wordt een inzicht gegeven in structuur en functie van de 
staafjescel. De hoofdkenmerken van zowel de Ca2+- en de cGMP-hypothese 
worden samengevat en de belangrijkste resultaten van electrofysiologi-
sche experimenten worden bediscussieerd. Bewijsmateriaal, afkomstig van 
zowel electrofysiologische als biochemische experimenten, wordt bespro-
ken. Dit suggereert dat Ca2+- en cGMP-niveaus elkaar beïnvloeden en dat 
beiden fungeren als "second messengers" in de staafjescel. Daarnaast be-
schrijven wij experimenten die erop wijzen dat cyclisch nucleotide-af-
hankelijke eiwitfosforylering een rol speelt bij de regulatie van de 
electrische activiteit in de zenuwcel van invertebraten en in de synaps 
van neuronen bij vertebraten. 
In Hoofdstuk II geven wij een samenvatting van de eiwitten die voor-
komen in geïsoleerde buitensegmenten. Deze zijn bestudeerd na twee-dimen-
sionale SDS-gelelectroforese. De localisatie van de eiwitten in het 
staafjesbuitensegment is vastgesteld door opsplitsing van buitensegment-
fracties, namelijk: cytosol, membranen en ciliaire structuren. Deze 
laatste fractie is geïsoleerd en er is een onderscheid gemaakt tussen de 
eiwitcomponenten van cilia en die van plasma- en diskmembranen. 
In Hoofdstuk III is een methode uitgewerkt voor de isolatie van het 
plasmamembraan uit staafjesbuitensegmenten. Deze methode is gebaseerd op 
affiniteitsbinding en verandering van de dichtheid van dit membraan. In-
tacte buitensegmenten worden gebonden aan Concanavaline A via de lectine-
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receptoren in het plasmamembraan. Het lectine wordt covalent gekoppeld 
aan polystyreenbolletjes. Na hypotone lyses worden de diskmembranen ver-
wijderd en tenslotte worden de plasmamembranen losgemaakt van de bolle-
tjes met behulp van a-D-methylmarnosi ne. Optimale opbrengst [50%) en zui-
verheid verkrijgt men via een combinatie van een bulk-en kolomprocedure 
bij de bindingsstap. De verwijdering van de diskmembranen, en de isolatie 
van het plasmamembraan geschiedt via een buikprocedure. 
Het plasmamembraan heeft een lager rhodopsinegehalte dan het diskmem-
braan (51% ten opzichte van 93%), en een ietwat hoger eiwitgehalte (52% 
ten opzichte van 48%). Het preparaat van het plasmamembraan is gekarak-
teriseerd met behulp van verscheidene biochemische methodes (Hoofdstuk 
IV). Zes eiwitten met een klaarblijkelijk molecuul gewicht van 254, 226, 
110, 66, 48, en 20 kD worden waargenomen in het plasmamembraan. De 110 
en 226 kD eiwitten zijn afwezig in het diskmembraan en lijken uniek voor 
het plasmamembraan. Enzymatische analyse laat de aanwezigheid van lage 
activiteiten van (Na+ +K+)-ATPase, en 5'-nucleotidase zien. Deze activi-
teiten zijn ongeveer gelijk aan die van het diskmembraan. Er is geen cy-
tochroom C-oxi dase activiteit waarneembaar in beide membranen. Dit wijst 
erop dat slechts een geringe verontreiniging voorkomt van plasmamembra-
nen van binnensegmenten en géén verontreiniging van mitochondria. De 
guanylate cyclase activiteit in het plasmamembraan is viervoudig hoger 
dan die in het diskmembraan. 
Het plasmamembraan heeft een lager gehalte aan C16:0, C16:l, C18:0 
en C18:l dan het diskmembraan. We voeren drie argumenten aan die erop 
wijzen dat contaminatie van het plasmamembraanpreparaat met diskmem-
branen laag is. Enige verontreiniging van ciliaire structuren komt voor, 
zoals wordt aangetoond door electronenmicroscopische waarnemingen. Cilia 
kunnen slechts gedeeltelijk verwijderd worden van voornoemd preparaat 
via scheiding in fracties met behulp van dichtheidsgradiënten van su-
crose. 
In Hoofdstuk V wordt de eiwitfosforylering in het intacte buitensegment 
en de onderdelen ervan, te weten: plasmamembraan, diskmembraan en cyto-
sol, uit de doeken gedaan. Het hoofddoel van dit onderzoek is de iden-
tificatie van de fosforyleerbare eiwitten die in het plasmamembraan voor-
komen. Samenvoeging van plasma- en diskmembranen met de cytosolfractie 
resulteert in een fosforyleringspatroon dat nagenoeg gelijk is aan dat 
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van intacte buitensegmenten. V i j f e iwi t ten van het plasmamembraanprepa-
raat worden gefosforyleerd door ATP en GTP. De fosforylen'ng van 20 kD 
en 50 kD componenten is l i c h t - a f h a n k e l i j k en wordt geremd door 10"ц M 
Ca2 +. Fosforylering van de 245 kD en 110 kD membraancomponenten wordt 
geremd door Na+ en K+. De cytosol f ract ie bevat zes fosforyleerbare e i ­
wit ten met molecuul gewichten van 25, 32, 46, 56, 66 en 68 kD. De 66 en 
68 kD eiwi t ten laten een cyclisch nucleotide-afhankeli jke fosfory ler ing 
z ien, die l i c h t - a f h a n k e l i j k wordt, wanneer de membranen van het buiten­
segment aanwezig z i j n . Fosforylering van de 32 en 56 kD cytosol-eiwitten 
wordt gestimuleerd door cyclische nucleotiden en wordt beïnvloed door 
Ca2+. 
In Hoofdstuk VI z i j n der veranderingen van de e iw i t fos fory ler ing als 
gevolg van l i c h t onderzocht in het intacte netv l ies . Deze netvliezen wor-
den geïncubeerd met radioact ief fosfaat. E iwi t fosfory ler ing in buiten-
segmenten van deze netvliezenwordt vergeleken met het fosforyleringspa-
troon van buitensegmenten, die na i so la t i e z i j n geTncubeerd met radioactief 
ATP of GTP. De re t ina 's z i j n gefosforyleerd onder condit ies die de elec-
tr ische respons van de staafjescel in stand houden. De invloed van l i c h t , 
calcium en de fosfodiesteraseremmer, isobutylmethyl xanthine, op de e iw i t -
fosfory ler ing is onderzocht. Een e iw i t van 12 kD is de meest sterk gefos-
foryleerde component in de intacte re t ina. Inbouw van fosfaat in dezecom-
ponent wordt verhoogd door l i c h t en calcium. We bewijzen dat d i t e iwi t 
mogelijk n iet thuis hoort in het buitensegment, maar eerder beschouwd 
moet worden als een component van synaptische membranen. De 245, 226 en 
110 kD eiwi t ten van het plasmamembraan ondergaan l i c h t gestimuleerde 
fos fo ry le r ing , die n ie t wordt waargenomen in geïsoleerde buitensegmenten, 
waarbij radioact ief ATP of GTP wordt gebruikt als fosfaatdonor. Verlaging 
van de ex t race l lu la i re Ca2+-niveaus doet de incorporatie van fosfaat van 
bepaalde membraaneiwitten afnemen, namelijk van 165, 125, 110, 50 en 38 
kD eiwi t ten en waarsch i jn l i j k van de 20 kD component. 
Eiwitten met een fosfaatinbouw die gereguleerd wordt door zowel l i c h t 
als calcium z i j n potent iële regulatoren van de fototransduct ie. De 20 kD 
en 50 kD componenten voldoen aan deze eisen en z i j n bovendien geassoci-
cieerd met het plasmamembraan. Dit zou kunnen betekenen dat deze een re-
gulatoire rol kunnen spelen b i j de l ich t -a fhankel i jke iongeleiding over 
het plasmamembraan. 
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Tot slot bediscussiëren wij in Hoofdstuk VII de resultaten van de voor-
gaande hoofdstukken. Er wordt beargumenteerd dat eiwitfosforylering een 
regulatoire rol kan spelen in de staafjescel en in het bijzonder in het 
plasmamembraan. Verder stellen wij de mogelijkheid ter discussie dat 
licht-encalcium-afhankelijke fosforylering van verscheidene membraan-
eiwitten in het buitensegment de ionpermeabiliteit in het plasmamembraan 
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